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Abstract
Synthetic molecular switches, such as azobenzenes, diarylethenes, fulgides, stilbenes
or spiropyrans, have been intensively investigated in recent times because of their
possible use in data storage, self-healing materials, molecular electronics, energy
and information storage and optomechanics. One of the biggest challenges in the
research field of molecular switches is the translation of the photoresponse of isolated
molecules into a controlled photoresponse of well-defined supramolecular systems,
such as organic thin films or functional nanostructures.
The main focus of this thesis lies on the photoisomerization of multi-azobenzene com-
pounds in different structural environments. Incorporation of molecular switches,
for example azobenzene, into supramolecular assemblies can lead to emergent phe-
nomena like cooperative switching behavior. Cooperative switching means that the
energetic landscape and thus also the isomerization kinetics of a single molecular
switch is influenced by the isomeric state of adjacent switches. However, it has
proven difficult to establish cooperative switching behavior or even switching func-
tionality at all in ordered ensembles of molecular switches on surfaces due to steric
hindrance or delocalisation of excited states. Therefore, understanding the prereq-
uisites for switching functionality and cooperative behavior of molecular switches
in supramolecular assemblies is a crucial step towards the development of devices
that make use of concerted motion of molecular switches. In this thesis, we1 show
that multi-azobenzene compounds with alkyl side-chains can be used as building
blocks for a large variety of photoresponsive supramolecular structures. Both for
the molecular packing structure and the photoresponse of the material, the interac-
tion between the alkyl side-chains in particular plays a crucial role.
First, layered thin films of azobenzene main chain polymers with alkyl side chains
are investigated. Using atomic force microscopy (AFM) and X-ray scattering, we
find that the azobenzene polymers form molecular zippers. We use a novel combina-
tion of real-time optical spectroscopy and real-time X-ray scattering to monitor both
the photoisomerization process of the azobenzene chromophores and the structural
photoresponse of the molecular crystals. Our measurements indicate that photoi-
somerization of about 20 % of the azobenzenes triggers a structural transition of
the alkyl side chains from a crystalline (closed zippers) to a disordered state (open
zippers).
The second multi-azobenzene compound we study is an azobenzene trimer with
1Although this doctoral thesis is written by a single author and all the experiments and analyses
presented here were performed by this author, the chosen form of writing employs the use of
first person plural throughout the work as it is common practice in scientific publications.
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alkyl side chains. These smaller molecules form highly ordered molecular crystals on
silicon surfaces, as found with AFM and X-ray scattering techniques. By monitoring
the photoresponse of the system with real-time optical spectroscopy and real-time
X-ray scattering, we find that the crystal structure can be switched off and on with
light partially reversible via a cascadic process.
After that, we study the isomerization kinetics of azobenzene oligomers that form
nanofibers in solution as found with AFM. Interestingly, we find that the pho-
toisomerization becomes slower at higher temperatures which clearly indicates an
unexpected and non-Arrhenius-type thermal behavior. Also, we find that the photoi-
somerization rate depends on the fraction of switched azobenzenes in the nanofibers,
which shows that the azobenzenes in the nanofibers switch cooperatively.
The results of this thesis demonstrate the great potential of multi-azobenzene
compounds with alkyl side chains for the construction of structurally well-defined
photoresponsive materials. The results of this thesis yield unprecedented insight
into the relation between the photoisomerization of isolated azobenzenes and the
photoresponse of supramolecular systems, which will ultimately help to build novel
and optimized stimuli-responsive materials.
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Kurzfassung
Künstliche molekulare Schalter, wie beispielsweise Azobenzole, Diarylethene, Ful-
gide, Stilbene oder Spiropyrane wurden in den letzten Jahren intensiv erforscht, da
sie zur Datenspeicherung, in selbstheilenden Materialien, molekularer Elektronik,
Energiespeichern und mikromechanischen Anwendungen eingesetzt werden können.
Eine der größten Herausforderungen im Forschungsfeld der molekularen Schalter
ist die Frage, wie die Photoreaktion isolierter Moleküle in eine kontrollierte Pho-
toreaktion wohldefinierter supramolekularer Systeme, wie z.B. organischer Dünn-
filme oder 3D Nanostrukturen, übersetzt werden kann. Die Integration molekularer
Schalter, beispielsweise von Azobenzolen, in supramolekulare Anordnungen kann zu
emergenten Phänomenen wie kooperativem Schaltverhalten führen. Kooperatives
Schalten bedeutet, dass die energetische Landschaft und daher auch die Isomerisa-
tionskinetik eines einzelnen molekularen Schalters von den isomerischen Zuständen
benachbarter Schalter beeinflusst wird. Kooperatives Schaltverhalten, oder über-
haupt Schaltbarkeit in geordneten Ensembles molekularer Schalter auf Oberflächen
bewusst zu erzeugen hat sich allerdings aufgrund von sterischer Behinderung oder
Delokalisierung angeregter Zustände als schwierig herausgestellt. Deshalb wäre ein
besseres Verständnis der Voraussetzungen für Schaltbarkeit und kooperatives Ver-
halten molekularer Schalter in supramolekularen Systemen ein großer Schritt in Hin-
blick auf die Entwicklung von Bauelementen, die auf der gemeinsamen Bewegung
molekularer Schalter basieren. In der vorliegenden Arbeit wird gezeigt, dass Multi-
Azobenzolverbindungen mit Alkyl-Seitenketten dazu benutzt werden können, eine
vielfältige Auswahl von photoreaktiven supramolekularen Strukturen herzustellen.
Sowohl für die molekulare Struktur als auch für den Schaltvorgang kommt insbeson-
dere der Wechselwirkung der Seitenketten miteinander eine entscheidende Rolle zu.
Der erste Teil dieser Arbeit behandelt dünne Schichtsysteme aus Azobenzol Haupt-
kettenpolymeren mit Alkyl-Seitenketten. Mittels AFM und Röntgenstreuung findet
man, dass die Azobenzolpolymere molekulare Reißverschlüsse bilden. Es wird eine
neuartige Kombination aus optischer Spektroskopie und Röntgenstreuung in Echtzeit
eingesetzt, um den Photoisomerisationsprozess der Azobenzole und die strukturelle
Photoreaktion der Molekülkristalle zu verfolgen. Unsere Messungen zeigen, dass die
Photoisomerisation von ungefähr 20 % der Azobenzole im Film einen strukturellen
Übergang der Alkyl-Seitenketten von einer kristallinen (geschlossene Reißverschlüsse)
hin zu einer ungeordneten Phase (geöffnete Reißverschlüsse) bewirkt.
Die zweite Multi-Azobenzolverbindung, die in der vorliegenden Arbeit unter-
sucht wird, ist ein mit Alkyl-Seitenketten ausgestattetes Azobenzol-Trimer. Die-
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se kleineren Moleküle bilden hochgeordnete molekulare Kristalle auf Siliziumober-
flächen, wie mit AFM und Röntgenstreuung herausgefunden wurde. Durch das
Verfolgen der Photoreaktion des Systems mit optischer Spektroskopie und Rönt-
genstreuung in Echtzeit findet man heraus, dass die Kristallstruktur im Rahmen
einer kaskadenartigen Reaktion teilweise reversibel mit Licht ein- und ausgeschaltet
werden kann.
Im Anschluss daran wird die Isomerisationskinetik von Oligomeren mit Azobenzol-
Hauptketten studiert, die in Lösung Nanofasern bilden. Es ist ein interessantes
Resultat, dass die Photoisomerisierung mit zunehmender Temperatur langsamer
wird, was auf ein unerwartetes und nicht Arrhenius-typisches thermisches Verhal-
ten schließen lässt. Ein weiteres Ergebnis ist, dass die Photoisomerisierungsrate in
Nanofasern von der Konzentration geschalteter Azobenzol abhängt, was zeigt, dass
die Azobenzole in den Nanofasern kooperativ schalten.
Die Ergebnisse dieser Arbeit zeigen das große Potential von Multi-Azobenzol-
verbindungen mit Alkyl-Seitenketten für die Konstruktion photoreaktiver Mate-
rialien mit wohldefinierter Struktur auf. Die in dieser Arbeit erzielten Resultate
gewähren neue Einblicke in das Verhältnis zwischen der Photoisomerisierung einzel-
ner Azobenzole und der Photoreaktion supramolekularer Systeme, was dabei helfen
wird, neuartige und optimierte stimulireaktive Materialien zu entwickeln.
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1 From molecular switches to
molecular machines
In 1959, physicist Richard Feynman who later won the Nobel Prize gave a lecture at
a meeting of the American Physical Society, titled as "There’s Plenty of Room at the
Bottom". [1] In this lecture, he presented his concept of a future that is characterized
by the ubiquity of very small machines. In Feynman’s vision, these molecular ma-
chines were able to perform chemical synthesis by mechanical manipulation. They
could also act as surgical robots within our own body. In particular, he was inter-
ested in the possibility to enhance the performance of computers by increasing the
density of computer circuitry. This thought was later brought to fame by Gordon
E. Moore, co-founder of the Intel Corporation, who in 1965 predicted a doubling of
components per integrated circuit every year. Of course, there is an ultimate limit
to Moore’s law. Eventually the transistors will reach the limits of miniaturization
when they reach the size of single atoms, beyond which lies the even stranger world
of quantum physics. Feynman knew that the new world at the nanoscale he en-
visioned would be governed by different physical laws than our macroscopic world.
While the influence of gravity would become negligible, other forces, such as Van der
Waals attraction would play a dominating role in many processes. To study these
atomic and molecular machines, completely new microscopes would be needed with
a much better resolution than the scanning electron microscopes that were available
then.
Today, many of Feynman’s original ideas have been realized. Very important in that
context were the invention of the scanning tunneling microscope in 1981 and the in-
vention of the atomic force microscope in 1986, which made it possible to image and
manipulate individual atoms and molecules. Now, about thirty years later, there is
a very broad research field called nanotechnology that deals with the manipulation
of atomic and molecular matter.
In the last decade, a lot of efforts have been made towards the development of syn-
thetic molecular machines. Molecular switches, i.e. molecules that change their
structural, electronic and optical properties in response to external stimuli such
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as light, heat or electric current, can be used as building blocks for molecular ma-
chines. [2,3] The human eye is a prominent example for the use of molecular switches
by nature. The transduction of visual information from the eye into the brain is con-
trolled by the light-induced cis-trans isomerization of the molecular switch retinal.
Synthetic molecular switches, such as azobenzene, diarylethenes, fulgides, stilbenes
or spiropyrans, have been intensively investigated in recent times because of their
possible use in data storage [4], self-healing materials [5], molecular electronics [6],
energy storage [7] and micromechanics [8–12]. In contrast to other stimuli like tem-
perature, electric fields or solution composition, light possesses many advantages as
a primary energy source, in particular its fast, clean, precise and remotely controlled
application. [13]
Probably the most extensively studied molecular switch is azobenzene. [14] Azoben-
zene was first described in 1834 by Eilhard Mitscherlich and synthesized by Alfred
Nobel in 1856. Because diazenes like azobenzenes are strong optical absorbers, they
are commonly used as dyes for industrial purposes. The photochromic nature of
azobenzene has been known for many decades [15]. Azobenzene derivatives can
be switched reversibly between the thermodynamically stable E-configuration and
the metastable Z -configuration with UV light or visible light, respectively. Integrat-
ing molecular switches into well-defined hierarchical assemblies such as liquid-crystal
networks, 2D lattices or linear fiber structures allows one to amplify nanoscale molec-
ular motions into macroscopic changes of material properties. [16–19]
The interaction between chromophores is important, in particular for systems where
a high molecular packing density is crucial for device performance. [20,21] In infor-
mation or energy storage, the storage capacity is ultimately limited by the density
of storing units. Also, in optomechanical applications, e.g., for artificial muscles,
a higher density of switches corresponds to larger potential forces generated by a
single muscle strand. In these systems, steric interaction and excitonic coupling
between adjacent molecular switches can lead to cooperative switching, that is, the
chromophores do not switch independently of each other. [22,23] Whereas too strong
steric, excitonic and electronic interactions can suppress the photoresponse in some
cases [24, 25], positive cooperativity can be used to optimize the photoresponse of
materials, e.g., by supporting switching cascades. [26–29] In biological systems, co-
operativity is commonly used to accelerate specific processes and to increase or
amplify the outcome of reactions. [30] In synthetic systems, possible applications
range from sensing devices where cooperativity could be used to amplify detection
signals and thus to increase the sensitivity, to artificial muscles, where cooperativity
could accelerate the contraction or expansion process. However, there are only very
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few reports of cooperative switching, yet. [29, 31] One problem faced so far is that
it has proven difficult to integrate molecular switches into hierarchical structures
with improved functionality because it is hard to find switches that can be switched
reliably in environments with strong intermolecular coupling.
Azobenzene derivatives in particular are promising candidates to be used as build-
ing blocks for cooperatively switching multicomponent molecular systems. This is
because the isomerization from the stretched out E-isomer to the compact Z -isomer
is accompanied by significant changes of geometry and dipole moment, which makes
it more likely that neighboring chromophores will interact during the isomerization
through steric or electronic coupling.
In this thesis, we use combined real-time optical spectroscopy and real-time X-ray
diffraction to monitor the isomerization of azobenzene in the solid state and to study
the dependence of isomerization kinetics on the microenviroment. In particular, we
study the influence of alkyl side-chains on the switching process of azobenzene poly-
mers, oligomers and trimers in organic thin films and in nanostructures. The com-
bination of these complementary techniques is especially powerful for this purpose
because X-ray diffraction is sensitive to optically induced structural changes, whereas
optical spectroscopy allows one to follow the conversion of one azobenzene isomer
into the other. The comparison between X-ray and optical data makes it possible to
unravel the relation between light-induced structural changes and the isomerization
process, bridging the gap between macroscopic effects and their molecular origin.
In summary, this thesis addresses the following questions about molecular switches:
• How is the photoresponse of supramolecular systems and materials related to
the photoresponse of single isolated molecular switches?
• In which way is positive cooperativity in ensembles of molecular switches re-
lated to the supramolecular structure?
In particular, three azobenzene based systems have been investigated in full detail
in this work: (i) Thin multilayer films of azobenzene main chain polymers with alkyl
side-chains on mica (ii) crystallites of azobenzene-trimers on silicon, and (iii) nano-
aggregates of azobenzene oligomers with alkyl side-chains on silicon. In the first
system, the E → Z isomerization of azobenzene triggers a structural transition of
the alkyl side-chains from a crystalline to a disordered phase. In the second system,
the photoisomerization of azobenzene trimers triggers a structural phase transition
of a highly crystalline material and the photoisomerization proceeds through the
crystal in a cascadic scenario. And in the third system, the isomerization kinetics of
azobenzene chromophores is controlled by the isomeric state of other azobenzenes in
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their microenvironment, which is characteristic for cooperative switching behavior.
The results of this thesis are of fundamental interest for the development of nano-
materials based on molecular switches in a solid state environment.
Organization of this thesis
This thesis is organized as follows: after the introduction, we give an overview over
the materials that are investigated in this thesis in chapter 2. First, a short summary
of the properties of organic compounds and molecular switches in particular is given,
followed by a more detailed description of the molecular switch azobenzene.
Chapter 3 deals with the experimental techniques that are used in this thesis,
namely X-ray scattering, differential reflectance spectroscopy and atomic force mi-
croscopy.
The experimental results part of this thesis starts with chapter 4, where we study
the photoresponse of azobenzene main chain polymers with alkyl side-chains.
Next, we study the switching process of azobenzene trimers in highly crystalline
thin films in chapter 5.
In chapter 6, we show that azobenzene oligomers with alkyl side-chains exhibit
cooperative switching behavior when integrated into nanofibers.
After that, a summary (chapter 7) of the previous chapters is given in which the
main results of this thesis are presented in a condensed form .
The results of chapters 4,5 and 6 and parts of the appendix have been published
or are to be published soon (see publication list).
4
2 Materials
In this chapter, we introduce the molecular systems that are investigated in this the-
sis. First, an overview over the research field of molecular switches and azobenzene
in particular is given, where the respective topics of current interest are presented,
alongside a range of open questions. After that, a short overview of the substrates
that have been used in this thesis is given.
Organic compounds and materials form the basis of life. In fact, the division of
matter into organic and inorganic compounds goes back to the alchemistic theory of
vitalism. For many centuries, alchemists believed that living organisms in contrast
to inorganic matter possessed a so called "life-force" (vis vitalis). Nowadays, this
division of matter into organic and inorganic compounds is somewhat arbitrary,
because there is no clear definition of organic matter anymore. Usually, by speaking
of organic matter, one means molecules with many carbon atoms and/or carbon-
hydrogen bonds.
It is no coincidence that carbon based materials form the basis of life. Having
four valence bonds allows a carbon atom to form several different bonding patterns,
single, double, triple bonds and conjugated systems with delocalized electrons. As
a result, organic compounds are extremely diverse and flexible in their application.
Using nature as a model, a lot of efforts have been made towards the synthesis
of synthetic organic materials during the last century. Today, organic chemistry,
polymer chemistry and medicinal chemistry are among the biggest industries in all
highly developed countries. Polymers make up about the largest revenue segment
of the chemical industry. Typical markets for polymeric materials (mainly plastics
and fibers) are packaging, construction, clothing, transportation, toys etc. The
most common polymer product is polyethylene (PE), which is a mixture of long
hydrocarbon chains (see Figure 2.1).
In more recent times, a new class of functional polymers has been developed.
Functional polymers combine the advantages of polymeric materials such as their
toughness, viscoelasticity, ease of processing and low cost with advanced optical or
electronic properties. Functional polymers range from biomimetic materials and
5
2.1 Molecular switches
Figure 2.1: Chemical structure of polyethylene (PE) (taken with permission from
ref. [32])
semiconducting polymers up to responsive polymers, whose optical and electronic
properties can be controlled via external stimuli. [33] Among the devices that have
been fabricated using functional semiconducting polymers are field-effect transis-
tors (FETs) [34], light-emitting diodes (LEDs) [35, 36] and solar-cells [37]. Stimuli-
responsive polymers, also known as smart polymers, are already used industrially
for the production of hydrogels, biodegradable packaging and in biomedical engi-
neering. One fascinating ability of smart polymers is their strong response, that is
already small stimuli can trigger macroscopic changes of materials. The reason for
this lies in the inherent nature of polymers, because the strength of the response of
a polymer to an external stimulus is the composite of the response of the individ-
ual monomers. Stimuli-responsive polymers can be synthesized by incorporating so
called molecular switches in the side chains or the main chain of a polymer.
2.1 Molecular switches
Molecular switches are molecules that have two or more (meta-)stable states (iso-
mers) with different physical properties. [2, 13] The isomers can have a different
molecular structure, a different color, dipole-moment or different electronic prop-
erties. The transition between the different isomers can be induced via external
stimuli, such as light, heat or electric current. In the case of photochromism, the
isomerization can be induced by light and changes the color of the material. In terms
of their geometric reconfiguration during isomerization two classes of photochromic
switches can be distinguished: (i) Switches that undergo a trans/cis isomerization,
e.g., stilbenes and azobenzenes, and (ii) switches undergoing a ring opening/closure
reaction, e.g., Diarylethenes and Fulgides. Another distinction can be made between
6
2.1 Molecular switches
switches that are thermally reversible (T-type) and switches that have two thermo-
dynamically stable isomers, that is, they can not themally revert to the initial isomer
even at elevated temperatures (P-type). [38]
Due to its easy handling and wide distribution in the chemical industry, in par-
ticular in dyes, azobenzene has become probably the most extensively investigated
molecular switch. Figure 2.2 shows the chemical structure and a sketch of the poten-
tial energetic diagram of azobenzene. Azobenzene consists of two phenyl rings that
are connected via a double bonded nitrogen bridge (azo-group). The photochromic
nature of azobenzene has already been noticed almost a century ago, although the
understanding of the photochemical background lacked behind. [15,39]
Figure 2.2: Sketch of the energy surface of the ground state and a schematic ex-
cited state of azobenzene.
Azobenzene in its thermodynamically stable trans-configuration is a planar molecule
with a vanishing static dipole moment. Trans-Azobenzene has a weak symmetry for-
bidden absorption band (εmax = 405 l mol-1 cm-1 as measured in n-hexane) in the
visible region between 2.5 eV and 3.1 eV, corresponding to a n → pi* excitation.
Here, the n → pi* excitation denotes an electron transition from a non-bonding
molecular orbital located at the azo group to a more delocalized pi*-orbital.
In the UV-region at around 3.9 eV, trans-azobenzene has a strong absorption band
7
2.1 Molecular switches
(εmax = 23000 l mol-1 cm-1 in n-hexane) that corresponds to a pi → pi* excitation.
Another pi → pi* absorption band is located at around 5.4 eV (εmax = 14400 l
mol-1 cm-1 in n-hexane). See also Figure 2.3 for the absorption spectrum of the two
azobenzene isomers.
Figure 2.3: Typical absorption spectra of trans- and cis-azobenzene.
The trans-isomer of azobenzene can be switched to the thermodynamically meta-
stable cis-isomer via optical excitation. Note that in the case of (multi-)azobenzene
compounds with a more complex structure, where the usage of the terms trans and
cis might be misleading, the trans and cis-isomers are usually denoted as E- and
Z -isomers, following a more general nomenclature.
• E (’Entgegen’) - The higher priority substituents (e.g., the two benzene rings)
are on different sides of the double bond (e.g., the azo-group).
• Z (’Zusammen’) - The higher priority substituents are on the same side of the
double bond.
The rules for determining priorities are known as Cahn-Ingold-Prelog (CIP) rules.
Figure 2.2 illustrates the photoisomerization process in an energetic diagram. Start-
ing from the S0 ground state of the trans-isomer, photoabsorption of UV-light causes
the azobenzene to enter an excited state, in which the transition along the reaction
coordinate is facilitated with respect to the ground state where an energetic barrier
separates the trans- and cis-isomers. Typically, as reaction coordinate a geometric
parameter is used, such as the angle between two specific covalent bonds.
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2.1 Molecular switches
The photon energy that is required for the excitation from the trans ground state
to the corresponding excited state differs for different azobenzene derivatives de-
pending on side groups, surrounding solvent etc. However, the maximum of the
trans-cis absorption cross-section of trans-azobenzene typically lies in the region of
UV-light (between 3 and 4 eV).
The cis-configuration of azobenzene is three-dimensional with the planes of the
phenyl rings rotated by 60° with respect to each other. The ground state energy
of the cis-configuration lies about 0.6 eV higher than the ground state energy of
the trans-configuration. Due to its asymmetry, the cis-isomer has a static dipole
moment of about 3 Debye perpendicular to the molecular axis. [40, 41] In contrast
to trans-azobenzene, cis-azobenzene has an allowed n → pi* band at around 2.8
eV (εmax = 1250 l mol-1 cm-1 in n-hexane). cis-Azobenzene also has a pi → pi*
absorption band at around 4.5 eV (εmax = 5000 l mol-1 cm-1 in n-hexane).
Despite the fact that the isomerization process of azobenzene has been investigated
theoretically and experimentally and extensively debated for more than 50 years,
there is still an ongoing debate about the exact isomerization pathway of the trans-
cis photoisomerization. [42–56] The photoisomerization of azobenzene is a rapid
process occurring on the timescale of picoseconds. [57] The first process that has
been proposed involves a rotation of one of the phenyl rings around the azo-group.
In order to enable this rotation process, the double bond between the central nitrogen
atoms is broken due to the optical excitation of an electron from a pi-bonding to a
pi*-antibonding orbital. [45] The second proposed photoisomerization mechanism is
characterized by an inversion of one of the phenyl rings that is induced by an optical
excitation of an electron from the nitrogen lone pair leading to a (n,pi*) state.
The isomerization needs some extra volume that is different for the two mechanisms.
The inversion needs less free volume (≈ 0.12 nm3) than the rotation (ca. 0.25 nm3).
[14] This comes into play if azobenzenes are integrated into densely packed arrays,
e.g., in thin solid films or self-assembled monolayers. More recently, both as a result
of more powerful computational methods and advanced measurement techniques,
mixed mechanisms such as the concerted inversion occuring on the S1(npi*) surface
or the inversion-assisted rotation have been proposed. [51,58–61]
The cis-trans back-reaction can be induced either thermally or by irradiation with
light having a different photon energy. The thermal stability of the cis-isomer is de-
termined by an energetic barrier in the ground state (activation energy). The ener-
getic barrier separating the cis- and trans-isomer is typically in the order of 1 eV, as
determined by experiments in solution and quantum-chemical calculations. [62, 63]
The speed of the thermal cis-trans conversion of molecular ensembles varies greatly
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depending on the exact type of azobenzene molecule, ranging from seconds for pseu-
dostilbenes to hours for azobenzene-type molecules. [64] Apart from thermal relax-
ation, the cis-trans isomerization can also be induced by excitation of an electron
from the nitrogen lone pair on the npi* surface.
Apart from chemically attached substituents, the kinetics of the photoisomer-
ization process also depends on the microenvironment. In the liquid phase, the
surrounding solvent influences both the absorption spectrum and the isomerization
kinetics of azobenzene. [59, 63] In the solid phase, another effect comes into play,
that has been noticed already in the early 1970s. Then, it was observed that for the
case of azobenzene-containing polymers the photochemical trans-cis isomerization
is slowed down at temperatures below the glass transition temperatures of the poly-
mers by a factor of 3. [65] The conclusion was that the relative quantum yield of
the azobenzene photoisomerization depends on the microenvironment that can be
described in terms such as the free volume. [66–69]
During the last decades, a lot of successful research efforts have been made to-
wards the development of photoactive materials by incorporating azobenzene either
in the side chains or the main chain of polymers and in liquid-crystal networks
(LCNs). [67, 70, 71] In 1987, Eich et al. published a paper that is now among the
Figure 2.4: Citations in each year for the keywords ’azobenzene polymer’, accord-
ing to the Web of Knowledge (Thomson Reuters).
most cited scientific publications about azobenzene. [72] They discovered that liquid
crystalline polymers with azobenzene chromophores incorporated in the side-chains
can be used for optical data storage via optically induced birefringence. As a result,
the research field of photoresponsive azobenzene polymers grew with hundreds of
publications during the following years. The research field of azobenzene polymers
received a second wave of attention after the discovery of light-induced surface relief
grating (SRG) formation in the late 1990s. [73–84].
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In 2003, Ikeda and coworkers showed that it is possible to convert light efficiently into
mechanical work. They demonstrated that a macroscopic film of an azobenzene con-
taining LCN could be bent in a controlled and reversible way with linearly polarized
light. [85] In the following years, they used this principle to build many different
light-driven motors. [86–89] Without a doubt, all these experimental findings are
very impressive on their own, but, in many cases, the fundamental understanding of
the molecular processes that were responsible for the observed photoresponsive ef-
fects lacked behind. For example, about 20 years after the discovery of light-induced
surface relief gratings, the physical origin of their formation is still not fully under-
stood. [84]
Figure 2.4 shows the citations in each year for the keywords ’azobenzene polymer’.
Starting in the early 1980s, the number of citations has grown in almost every year.
Also note that around the year 2006, the research field has received a new wave
of attention, probably influenced by the exciting findings of Tomiki Ikeda and his
coworkers. Over the last decade, the number of citations per year in the field of
azobenzene polymers has more than doubled and reached nearly 10000 citations in
the year 2014, showing the huge interest in the field.
For most applications with industrial and technological relevance, a higher packing
density of molecular switches is desirable. In recent years, azobenzene has been inte-
grated into densely packed and structurally well defined assemblies. Consequently,
the influence of the microenvironment on the switching process became increas-
ingly important. It was found that both the interaction with a surface [62, 90–103]
and the intermolecular coupling [24, 25, 104–106] influences or even suppresses the
isomerization of azobenzene and other switches. Decoupling of the photochromic
units from the substrate and from adjacent photochromes can be achieved using
bulky spacers [107,108], legs [90,97,108–111], molecular platforms [112–115] or self-
assembled monolayers (SAMs) as linkers [22,104,105,116–119]. See also ref. [120] for
an overview over the different approaches to immobilize azobenzenes onto surfaces.
However, intermolecular coupling of molecular switches or electronic coupling to the
substrate can also support the switching. In 2009, Wolf et. al showed that the
azobenzene derivative tetra-tert-butyl-azobenzene (TBA) can be switched in direct
contact to a Au(111) surface by some substrate mediated excitation process. They
found that the switching mechanism involves a charge transfer process, in which
photogenerated holes in the gold surface cause a transient positive ion formation
and thereby enable the azobenzenes to switch.
In 2007, Pace et al. reported cooperative switching of azobenzene chromophores in
a 2D crystalline domain, where the isomerization of individual azobenzene units is
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suppressed for sterical reasons. [22] Cooperative switching effects are not limited to
supramolecular aggregates like, e.g., SAMs but have also been observed for indi-
vidual molecules in the case of multi-azobenzene compounds. [31,121,122] In 2012,
Hecht and coworkers managed to synthesize foldamers with two azobenzenes incor-
porated in the backbone. It was shown that the helix-coil transition of the foldamers,
triggered by the isomerization of one azobenzene, facilitates the photoisomerization
process of the second azobenzene due to pi − pi stacking.
A rather new research area deals with the photochemistry and photophysics of poly-
mers with azobenzene in the main chain. In contrast to polymers with azobenzene
in the side chains, where the conversion of light into mechanical work is mediated
by a phase transition, main-chain azobenzene polymers show a direct photoresponse
that typically leads to larger geometric changes of the single polymers. The reason
for this is that the light-induced deformation of a main-chain azobenzene polymer
is a result of the deformations of the individual monomers. Experiments performed
in 2002 by Hugel et al. showed that isolated azobenzene polymers with azobenzene
incorporated in the main chain can be used as artificial light-driven muscles that can
create forces of several hundred pN. [123–125] One of the fundamental challenges
in the research field of main-chain azobenzene polymers is that the azobenzene
chromophores have to be electronically decoupled along the polymer main chain.
Recently, Bléger et al. showed that electronic decoupling can be achieved by intro-
ducting large dihedral angles between the azobenzene groups along the polymeric
chain. [126] As a demonstration, they synthesized a new class of azobenzene main
chain polymers that undergo a rod-coil transition upon UV-irradiation. [127]. Fu-
ture photoactuation devices could, e.g., be used to directly convert sunlight into
mechanical work, circumventing the need to store the solar energy in energy-rich
fuels. [128] Photoactuation devices based on azobenzene can not only be used for
energy conversion but also for energy storage in the form of thermal solar fuels, as
Kucharski et al. demonstrated in 2014. [7] Every light-induced trans-cis isomeriza-
tion of an azobenzene chromophore will store a certain amount of energy that equals
the difference between the energy levels of trans- and cis-azobenzene (typically 0.6
eV for an isolated azobenzene molecule). The stored energy can be released by
heating the thermal solar fuel which will convert the cis-azobenzenes back to trans.
2.2 N-alkanes
All of the multi-azobenzene compounds that are investigated in this thesis are
equipped with alkyl side chains. Despite their simple chemical structure, linear alka-
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nes (n-alkanes) show a rich and complex phase behavior in the solid state. Rotator
phases have been found, [129,130] i.e. in which n-alkanes with certain chain-lengths
undergo first-order phase transitions upon heating. Another example is the odd-
even effect [131,132] where monolayers of n-alkanes adsorb in specific geometries on
substrates and have different boiling points depending on whether they have an odd
or even number of carbon chain-segments. N-alkanes can be regarded as multifunc-
tional tools for molecular design and material science. Attached to more complex
molecules alkyl chains will often govern the molecular packing structure and thus
also the macroscopic properties of materials. For example it has been shown that
alkyl chains attached to molecular switches make it possible to immobilize molecular
switches on surfaces. [120] N-alkanes can also be used as flexible alkyl side chains
for polymers. It has been shown that the attachment of alkyl side chains to poly-
mers drastically changes the structural, electronic and thermodynamical behavior
of a polymeric thin film. [133–136] In particular, the influence of chain-length on
molecular structure and other physical properties has been investigated for many
systems based on hydrocarbon chains. [137–144]
2.3 Substrates
Native silicon oxide
Si(100) wafers, covered with native oxide (Si-mat), have been used as substrates
both for azobenzene trimers in chapter 5 and azobenzene oligomers in chapter 6. Be-
fore the deposition process, the silicon wafers were cleaned with acetone, isopropanol
and ultra-pure water in an ultrasonic bath.
Mica
The multilayer thin films of azobenzene main-chain polymers that are investigated
in chapter 4 of this thesis have been prepared on muscovite mica via spin-coating.
Muscovite mica (KAI3Si3O12H2) is a mineral that can be found in granites, peg-
matites, gneisses and schists or as a secondary mineral. In nature, it is often found
in large, transparent and highly elastic sheets with a size of up to several m2. The
physical reason for this is that mica has a almost perfect basal cleavage. [145] This
makes it also a very good substrate for atomic force microscopy studies where an
atomically flat surface is desirable. [146] The mica substrates that have been used




Understanding switching of molecular ensembles demands a combination of spec-
troscopic and structural measurement techniques. The combination of real space
techniques, e.g., microscopy with reciprocal space methods such as X-ray scattering
allows to determine the structural properties of a sample from macroscopic scales
down to the atomic level (see Figure 3.1).
Figure 3.1: Overview over the experimental techniques used in this thesis.
This chapter is organized as follows: Firstly, atomic force microscopy (AFM)
is introduced as a real-space method to image thin film morphology and topog-
raphy. Afterwards, a short introduction into X-ray scattering is given, including a
section about the interaction of X-rays with matter and sections about the measure-
ment techniques of X-ray reflectivity (XRR) and grazing incidence X-ray diffraction
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(GIXD). Next, differential reflectance spectroscopy (DRS) is introduced as a tech-
nique to study the optical absorbance of thin films and to monitor the photoisomer-
ization of molecular switches. Finally, a brief description of spin coating is given
which was used to prepare the samples that were studied in this thesis.
3.1 Atomic force microscopy (AFM)
The technique of atomic force microscopy (AFM) that allows one to visualize sur-
faces on atomic scale was developed at the IBM Research Laboratory in San Jose and
introduced to the scientific community in 1986 by Binnig, Quate and Gerber. [147]
Whereas the resolution of far field techniques such as optical or electron microscopy
Figure 3.2: Principle of Atomic Force Microscopy (AFM). (a) Illustration of the
setup and the working principle of AFM and (b) image of a cantilever
with a Tip (taken with permission from ref. [148]).
is limited to one half of the wavelength that is used, AFM allows for a much better
spatial resolution. AFM, also known as Scanning Force Microscopy (SFM), is well
suited for the characterization of thin film morphologies and surface topographies
since it provides an excellent resolution both in the z-direction (< 1 nm) and in the
lateral direction (typically < 10 nm, depending on the tip geometry). The basic
working principle of AFM is shown in Figure 3.2. The typical setup consists of a
spring-like cantilever that is attached to a piezoelectric drive element which oscillates
the cantilever at a specific frequency. At the other end of the cantilever is a sharp
tip, pointing towards the surface of the sample. The scanning is either performed
with a XYZ piezo-stage under the sample holder or by scanning the cantilever tip
across the fixed sample.
Due to the interaction with the sample surface, the scanning tip experiences a specific
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deflection at every spot of the sample. The change of the motion of the cantilever
is monitored with the help of a laser beam that is reflected on the cantilever and
detected by a four quadrant photodiode array. The vertical deflection can be calcu-
lated by comparing the amount of electrical signal generated in the top and bottom
halves of the photodiode.
Vertical Deflection⇔ Signaltop − SignalbottomSignaltop + Signalbottom
(3.1)
In the same way, one can measure the lateral twisting of the cantilever by comparing
the amount of signal generated in the right and left halves of the photodiode which
can be used for measurements in friction mode that give lateral force images. Since
the deflection of the cantilever is highly sensitive to the interaction between the sur-
face and the scanning tip, this technique allows one to map the surface topography
very efficiently.
3.1.1 Operating modes
The tip-surface interaction is governed by different forces, depending on the tip-
surface distance. Very close to the surface, Coulomb interactions predominate, while
for slightly larger tip-surface distances attractive van der Waals forces predominate.
An AFM machine can be operated in different ways. They can be categorized as con-
tact modes (constant height mode or constant force mode) and non-contact modes
(tapping mode or acoustic mode). In contact mode (constant height or constant
force), the AFM tip is lowered until it is in the repulsive regime of the sample sur-
face. The tip-surface distance is typically smaller than 0.5 nm. The overlapping
orbitals of tip- and surface electrons lead to a repulsive force and consequently a
deflection of the cantilever. In the constant height scanning mode, the height of the
AFM tip is kept constant and the deflection of the cantilever only depends on the
height of the surface. In the constant force mode, the force between the AFM tip
and the surface is kept constant, requiring that the tip-surface distance is continually
readjusted. While contact mode is well suited for very smooth surfaces, the strong
tip-surface interaction can lead to fast deterioration of the AFM tip for rougher or
harder samples and also to sample damage.
In contrast, non-contact modes are well suited for harder surfaces because the tip
does not touch the surface during measurements. Furthermore, scanning a sample
in non-contact mode usually is more gentle to the sample than scanning in contact
mode which can be important for dynamic measurements, where it has to be ex-
cluded that the sample morphology is influenced in any way by the AFM tip. In
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non-contact mode the AFM tip is oscillating at its resonance frequency. Attractive
forces between the tip and the surface lead to a lower oscillation frequency while
repulsive forces lead to a higher oscillation frequency of the cantilever (see Figure
3.3). In the absence of a surface, the oscillation of the free cantilever would be
Figure 3.3: Overview of different operating modes corresponding to different
regimes in the force potential.
described by a harmonic potential
V Spring = 12kz
2 (3.2)
with k being the spring constant of the cantilever and z being the vertical deflec-
tion of the tip. In the presence of a surface, the oscillation of the cantilever is
disturbed. The disturbance can be described via an additional harmonic potential
with a different spring constant ks. The resonance frequency then becomes







Here, f0 is the resonance frequency and m is the mass of the free cantilever. Note
that the additional harmonic potential can lead to an attractive or a repulsive force
between the surface and the tip. As a consequence, ks will be added (repulsive force)
to the spring constant of the free cantilever k or subtracted (attractive force) from
it. In tapping mode, the following three types of data can be collected:
• Height data: The height of the sample can be measured via the z-position of
the XYZ piezo stage on which the sample is mounted or alternatively, via the
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z-position of the AFM tip. Height images show the local sample topography.
• Phase data: The offset (angle) in the phase between the input drive signal
corresponding to the piezo driving the cantilever oscillation and the phase of
the cantilever response signal as measured with the photodiode array. Phase
images contain information about the local elasticity of a sample.
• Amplitude data: One can monitor the amplitude of the cantilever oscillation.
For this, it is important that the laser spot on the photodiode is large enough to
irradiate both halves of the photodiode. Amplitude images can show outlines
of surface features very well.
Figure 3.4: Broadening of the observed lateral width of sample features due to the
finite AFM tip radius.
It is important to note that the observed lateral width of a feature can be larger than
the actual width of the sample feature due to the finite radius of the AFM radius
limiting the lateral resolution (see Figure 3.4). For obvious geometrical reasons, the
tip radius R, the observed width of the feature W = 2x and the actual width of the
sample feature d are related via
W
2 = R
2 − (R− d)2 (3.4)




For, e.g., R = 10 nm and d = 5 nm, the observed width is W = 20 nm.
All AFM images presented in this thesis have been recorded in tapping mode using




The term X-rays describes a form of high energy electromagnetic radiation with
wavelengths ranging from 10−11 m to 10−8 m corresponding to energies in the range
0.1 keV to 100 keV. For X-ray scattering, typically hard X-rays with photon energies
above 5 keV are used because of their ability to penetrate air.
X-rays can be generated in several different ways. A simple X-ray source consists
of hot cathode inside a vacuum tube. With a high voltage the electrons are accel-
erated to high velocity. When the accelerated electrons hit the anode, typically a
metal target, X-rays are created by two different processes. Characteristic X-ray
emission is specific for the target element. It is emitted when outer-shell electrons
fill a vacancy in the inner shell that was produced by the collision of accelerated
electrons with the target material. The second radiation type is Bremsstrahlung
which is given off when the high velocity electrons are decelerated in the electric
field of the nuclei of the target atoms. In contrast to characteristic X-ray emission,
the Bremsstrahlung has a continuous spectrum. The most common target material
Figure 3.5: Rotating anode X-ray tube.
for X-ray crystallography is copper whose strongest characteristic X-ray emission
line corresponds to a photon energy of 8.05 eV (Cu Kα1). The X-ray photon flux
can be significantly increased by using a rotating anode tube instead of a static
X-ray tube (see Fig. 3.5). Most of the X-ray scattering data presented in this thesis
has been measured with a system consisting of a rotating copper anode (Rigaku)
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and a Göbel mirror. A Göbel mirror consists of multilayers with laterally graded
thickness that can be used to focus or collimate an X-ray beam because, for a single
photon energy, only X-rays with a certain angle of incidence (corresponding to the
multilayer Bragg peak) with respect to the mirror are reflected. X-ray radiation with
Figure 3.6: Scheme of the Soleil synchrotron with undulator (a), optics hutch with
monochromator (b), experimental hutch (c) and control room (d). Im-
age taken with permission from ref. [149]
a much higher photon flux, a smaller beam divergence and larger spatial coherence
can be produced by a synchrotron. A synchrotron is a cyclic particle accelerator in
which a continuous or pulsed particle beam is guided by the magnetic fields of bend-
ing magnets, wigglers and undulators. Synchrotron radiation is generated by the
acceleration of ultrarelativistic charged particles through magnetic fields. Several
experimental endstations (beamlines) can be operated simultaneously. Figure 3.6
shows a scheme of the Soleil synchrotron. In the storage ring, the electrons traverse
through straight sections (undulators) that consist of a periodic structure of dipole
magnets. In these undulators, electrons are forced to undergo oscillations and thus
to radiate energy. The contributions from the passage of an electron through such an
undulator add coherently, resulting in a very bright X-ray beam. Directly after the
undulator, the X-ray beam has a wide spectral distribution. Since most synchrotron
experiments require a monochromatic beam, each beamline has an optics hutch with
a monochromator, typically a perfect crystal where the desired wavelength can be
selected according to Bragg’s law. Besides a monochromator, the optics hutch may
also contain X-ray mirrors and refractive Fresnel lenses for focussing the X-ray beam.
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3.2.1 Interaction of X-rays with matter
In this section, we follow the treatment of X-ray scattering presented in ref. [150].
A monochromatic ideally collimated X-ray beam can be treated mathematically as
a linearly polarized plane wave E(r, t). The polarization of the electric field can be
written as a unit vector ˆ, and the wavevector along the direction of propagation as
k with the wavenumber |k| = 2pi/λ, so that
E(r, t) = ˆE0ei(k·r−ωt). (3.6)
X-ray scattering by a single electron.
When X-ray photons are scattered on a single electron, the electron is forced to
vibrate by the electric field of the incoming X-ray beam. The vibrating electron acts
as a small dipole antenna and radiates an electromagnetic field. X-rays are either
scattered elastically or inelastically. Inelastic scattering, where the scattered photon
has a longer wavelength relative to the incident photon, is also known as Compton
scattering. However, the elastic scattering of X-ray photons is the more important
process for structural studies of materials. In elastic scattering, momentum may be
transferred between the X-ray photons and the electrons. Therefore it is useful to
define the momentum transfer vector q as the difference between incoming wave ki
and outgoing wave kf as q = kf − ki.
The ability of an electron to scatter X-rays can be expressed in terms of a scattering
length r0 which is, for a fixed scattering angle, proportional to the ratio of the






= 2.82× 10−5Å. (3.7)
X-ray scattering by a single atom.
The interaction of X-rays with a single atom can be described as scattering on an
electron density distribution ρ(r). The scattered radiation field is a superposition
of contributions from different volume elements of this electron density distribution.
The phase difference for the incoming wave between two volume elements, one at r
and one at the origin, is the scalar product ki ·r. Consequently, the phase difference
for the outgoing wave with wavevector kf between two volume elements, one at r
and one at the origin, is −kf · r. The resulting total phase difference between the
two scattered waves is thus
∆φ(r) = (ki − kf ) · r = q · r (3.8)
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Figure 3.7: (a) Elastic scattering from two volume elements with a spacing r within
a single atom. The phase difference between a wave scattered at the
origin and one at r is q · r, which defines the wavevector transfer
q. (b) Scattering from a molecule. (c) Scattering from a molecular




where q is the wavevector transfer.
Figure 3.7a illustrates elastic scattering (|ki| = |kf |) of X-rays at two different volume
elements within a single atom. Thus |q| = 2 |ki| sin θ = (4pi/λ)sin θ. Thus a volume
element dr at r contributes an amount −r0ρ(r)dr to the scattered field with a phase
factor of eiq·r. The total scattering length of the atom can be written as
− r0f 0(q) = −r0
∫
ρ(r)eiq·rdr (3.9)
where f 0(q) is the atomic form factor.
X-ray scattering by a molecule.
Just as the scattered radiation field of an atom can be described as the superposition
of contributions from different volume elements, the scattered radiation field of a
molecule can be described as the superposition of contributions from its different
atoms (see figure3.7b). Labelling the different atoms in the molecule by index j, we





where fj(q) is the atomic form factor of the j’th atom of the molecule. Here, the
constant factor of −r0 has been neglected.
X-Ray scattering by a crystal.
A molecular crystal can be defined as a supramolecular structure that is periodic in
space (see Figure 3.7c). The scattering of X-rays at the periodic crystal planes can
be described by Bragg’s law
mλ = 2d sin (θ) (3.11)
where θ is the angle of incidence of the X-rays relative to the crystal planes, d
denotes the lattice spacing of the crystal and m is an integer.
Bragg’s law, however, only describes at which angle of incidence the intensity of
the outgoing wave is maximal when an X-ray beam is scattered by a crystal lattice.
For a quantitative description of the outgoing X-ray wave, the exact electron density
distribution within the crystal lattice and the scattering ability of the molecules
within the crystal unit cell have to be considered. If Rn are the lattice vectors and
rj is the position of the atoms with respect to any one particular lattice site, then
the position of any atom in the crystal is given by Rn + rj. Thus the scattering
amplitude for X-rays scattered by a crystal can be factorized into two separate terms:
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Figure 3.8: Illustration of Bragg’s law.
F crystal(q) =
Unit cell structure factor︷ ︸︸ ︷∑
rj
fj(q)eiq·rj
Lattice sum︷ ︸︸ ︷∑
Rn
eiq·Rn (3.12)
Again, the factor −r0 has been neglected.
Reciprocal space.
Note that the lattice sum in equation 3.12 is maximal if the condition
q ·Rn = 2pi × integer (3.13)
is fulfilled. In the following it is shown that there is a set of vectors q in reciprocal
space for which the above given condition is always true.
The lattice vectors Rn can be expressed as the linear combination of the three
basis vectors of the 3D lattice (a1, a2, a3)
Rn = n1a1 + n2a2 + n3a3 (3.14)
where (n1, n2, n3) are integers.
One can define a set of reciprocal lattice basis vectors (a∗1, a∗2, a∗3) that allows one












a1 · (a2 × a3) . (3.15)
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The lattice sum is maximal for every lattice site G = ha∗1 + ka∗2 + la∗3 in the
reciprocal lattice because
G ·Rn = 2pi(hn1 + kn2 + ln3) = 2pi × integer (3.16)
This means that F crystal(q) and thus the scattered intensity is only non-vanishing
if q = G. This is also called the Laue condition which can be shown to be equivalent
to Bragg’s law. In this section we have neglected multiple scattering effects, that
is the possibility that the scattered X-ray beam is scattered a second or third time
before leaving the crystal. For most molecular crystals this so called kinematical
approximation is a reasonable assumption, but it may break down for macroscopic
perfect crystals.
3.2.2 X-ray reflectivity (XRR)
So far, this chapter dealt with the interaction of X-rays with electrons, atoms,
molecules and crystals. The logical next step is the interaction of X-rays with thin
films in general, may they be crystalline or amorphous. Since X-rays are, just as
visible light, electromagnetic waves, there are also refraction and reflection effects for
X-rays at interfaces between different media. However, X-rays have a much higher
energy than visible light. The refractive index for X-rays is very close to one, which
is the refractive index of vacuum (see Figure 3.9). Thus, it is convenient to write
Figure 3.9: Illustration of the refractive index for different photon energies.
the refractive index for X-rays as
n = 1− δ + iβ (3.17)
where δ is of order 10−5 in solid materials and around 10−8 in air. The imaginary
part β that describes absorption is typically much smaller than that. The material
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constants δ and β can also be expressed in terms of the electron density ρe, the scat-





β = λ4piµ (3.19)
An important result of the fact that n is smaller than unity for X-rays is that X-rays
can undergo total external reflection for grazing angles of incidence. This can be
seen via Snell’s law
cos αi = n cos αr (3.20)
where αi is the incident grazing angle of the X-rays and αr is the refracted grazing
angle. For X-rays, equation 3.20 has a solution for αr ≤ 0, which means that total
external reflection of X-rays is possible. The solution for αr = 0 is called critical





For X-ray reflectivity measurements in the so called Bragg-Brentano or θ − 2θ-
geometry, the angle of incidence αi and the angle of reflection αr always fulfill the
condition αi = αr. Under this condition (and for a fixed X-ray energy), each αi
corresponds to a specific absolute value of the component of the wavevector transfer
that is perpendicular to the substrate surface |q⊥| = q⊥. Usually, the X-ray reflec-
tivity is plotted against q⊥ (also denoted as qz) because this method, in contrast to
plots against αi takes the X-ray energy into account.
Kiessig fringes
For incident angles αi > αc, the X-ray reflectivity R(q⊥) of a smooth surface decays
according to the Fresnel equations with R ∝ 1/q4⊥. The situation changes when one
considers a flat layer on top of the smooth substrate surface. X-rays get reflected
and refracted at two interfaces in this case, the vacuum-layer and the layer-substrate
interface. The X-rays reflected at the two interfaces can interfere constructively
or destructively, depending on the angle of incidence or q⊥, respectively, and the
thickness of the layer d. The resulting oscillations in the X-ray reflectivity curve are
called Kiessig fringes. It is possible to determine the layer thickness d from the ∆q⊥
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spacing of the minima of the Kiessig fringes:
d = 2pi∆q⊥
. (3.22)
Figure 3.10: Simulated X-ray reflectivity of a perfect smooth substrate surface
(black curve) and of the same substrate covered with a perfect smooth
layer on top (blue curve) and with a rough layer (σ = 4Å) on top
(red curve).
The XRR curves shown in Figure 3.10 are based on the assumption of a perfect
smooth interface. In reality, however, most surfaces and interfaces deviate from the
perfect smooth situation. The degree of this deviation can be expressed in terms
of a surface roughness σ. In general, the X-ray reflectivity of a rough surface will
be lower than the reflectivity of a perfect smooth surface. Also the Kiessig fringes
typically have less pronounced minima and maxima or might even be completely
invisible for a rough surface (see Figure 3.10).
Parratt formalism
In order to extract quantitative information from a measured XRR curve, one has
to fit the XRR data with a suitable model. A commonly used model is the Par-
ratt formalism [151] for systems with several interfaces. The Parratt formalism is a
recursive algorithm that describes the ratio Xj of reflected amplitude Rj and trans-
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where kz,j denotes the z-component of the wavevector of the X-ray beam in the
j’th layer. rj,j+1 denotes the Fresnel coefficient describing the reflectance Rj,j+1 =





For a multilayer system with n+ 1 layers and n interfaces, the recursion starts with
Rn+1 = 0.
It is important to note that the Parratt formalism uses the full dynamic scattering
theory, that is, it inherently takes into account multiple scattering from different
interfaces.
In contrast to the recursive Parratt formalism, one can also simulate the X-ray
reflectivity of a multilayer system with ananalytical formula using the so called
kinematic approximation. Namely, the kinematic model consists of the following
approximations:
• The intensity of the incident beam decreases isotropically when crossing the
sample. Extinction, multiple diffraction and anomalous absorption are ne-
glected.
• The scattered intensity is small in comparison with the incident intensity.
Coherence is maintained throughout the sample and thermal diffuse scattering
is ignored.
• Only elastic and coherent scattering is considered. The detector is assumed
to be far away, that is, the scattered wave is treated as a plane wave at the
detector position.
• Compton scattering and fluorescence or anomalous scattering effects due to
electron excitation are neglected.
The kinematical approximation can neither be applied for perfect crystal samples,
nor for samples consisting of randomly oriented crystallites. However, for samples
with a finite mosaicity (disorder among the single crystallites), the kinematic ap-
proximation can give accurate results.
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3.2.3 Grazing incidence X-ray diffraction (GIXD)
For incident grazing angles αi < αc, there is an evanescent wave within the refracting
medium that propagates parallel to the interfacial plane. The corresponding per-
pendicular electric field of the evanescent wave decays exponentially with increasing
penetration depth z:
E ∝ eikt,zz = e−ik
√
α2i−α2cz = e−z/Λ. (3.25)
For organic materials, the penetration depth Λ lies typically in the range of a few
nm. This makes grazing incidence X-ray diffraction (GIXD) a highly sensitive tool
to study the in-plane structure of organic thin films, since this small penetration
depth reduces the background scattering from the inorganic substrate significantly.
Figure 3.11: Scattering and scanning geometry in grazing incidence X-ray diffrac-
tion (GIXD). (a) Scanning geometry for 2D-powder materials. Only
the detector angle 2θ is scanned. (b) Scanning geometry for epitax-
ially ordered films. Both the detector angle 2θ and the azimuthal
angle ω are scanned.
Figure 3.11 shows two possible scanning modes for GIXD. If the material is a
2D-powder, that is, if the crystalline domains within the film have no defined orien-
tation with respect to each other, only the detector angle 2θ is scanned, similar to
the Debye-Scherrer scanning geometry for 3D-powders. The reason for this is that
the X-ray beam will always hit some crystallites whose lattice planes are oriented
with respect to the X-rays in such a way that they fulfill the condition α||i = α
||
f .
If the crystalline domains within the film are, however, not randomly oriented the





all sets of lattice planes. In order to achieve this, the sample is rotated around the
surface normal.
In GIXD, it is convenient to plot the scattered intensity against the in-plane com-
ponent q|| of the wavevector transfer q.
3.2.4 MS Beamline at the Paul-Scherrer Institut (PSI)
Some of the time-resolved X-ray scattering experiments of this thesis shown in chap-
ter 4 have been performed at the Material Science (MS) Beamline at the Swiss Light
Source (SLS) on the campus of the Paul-Scherrer Institut (PSI) in Villigen. The
Swiss Light Source is a third-generation synchrotron light source. The SLS storage
ring is operated at an energy of 2.4 GeV. The MS beamline consists of a cryogenically
cooled, permanent-magnet undulator, an X-ray optics hutch and two experimental
endstations. One endstation is optimized for powder diffraction (EH1) and the other
one that has been used for some of the measurements presented in this thesis is op-
timized for in situ surface diffraction (EH2). The experimental station of EH2 is
Figure 3.12: Portable vacuum chamber mounted on the hexapod in the surface
diffraction hutch (EH2) at SLS.
equipped with a Micro-Controle Newport 2+3-circle surface diffractometer and a
hexapod for precise sample alignment. [152] As X-ray detector, a PILATUS II was
used. The PILATUS II has a size of 486×195 pixels. For the experiments presented
in this thesis, a beam size of about 500×100 µm was used. Figure 3.12 shows the
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experimental setup with X-ray beam exit (left), vacuum chamber and hexapod.
3.2.5 ID03 Beamline at the European Synchrotron Radiation
Facility (ESRF)
Part of the work presented in chapter 5 has been performed at the ID03 surface
diffraction beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France). The beamline is equipped with three undulators providing a
photon flux of more than 1013 in the range between 5 keV and 24 keV and with a
liquid nitrogen cooled Si(111) monochromator. The sample positioning system is a
hexapod on which our portable UHV chamber was mounted.
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3.3 Differential reflectance spectroscopy (DRS)
Optical Spectroscopy allows one to study the interaction between matter and elec-
tromagnetic radiation. In spectroscopy, the transmitted or reflected intensity is
measured as a function of energy, which is in contrast to X-ray scattering tech-
niques, where the scattered intensity is measured as a function of the scattering
angle. There is a wide range of different spectroscopic methods that each serve a
different purpose. Some common examples are NMR-, IR-, UV/Vis-, Fluorescence-
and Raman, UPS and XPS-spectroscopy. Depending on the used energy range, one
can extract atomic, molecular or inter-molecular information from samples. UV/Vis
spectroscopy in particular is ideally suited to study molecular switches because, typi-
cally, the different isomers have unique absorption spectra. A simple way to measure
the absorption spectrum of a material is to put a sample of the material into a par-
allel beam of white light and to compare the transmitted intensity with and without
the sample. The extinction Eλ is related to the extinction coefficient λ, to the




) = λ · c · d (3.26)
where I is the transmitted intensity behind the sample and I0 is the intensity received
by that sample. If the investigated sample is a thin film on a non-transparent
substrate, it is more convenient to measure the reflected light intensity instead of
the transmitted light intensity. In the following, it is shown how the reflectance of a
thin film is related to the electromagnetic properties of the substrate and thin film
material.
3.3.1 Measuring the absorbance of a thin film with reflectance
spectroscopy
The optical properties of nonmagnetic materials can be expressed in terms of the
dielectric function  = ′ + i′′. Note that for non-isotropic materials, 1 and 2 are
vectors with three components. The dielectric function is related to the complex
refractive index of the material N = n + ik via N =
√
. The real part describes
the dispersion of light, whereas the imaginary part describes the absorption of light.
The dispersion and absorption properties of a material are not independent from
each other. They can be converted into each other via the Kramers-Kronig relations:






ω′2 − ω2 dω
′2 (3.27)
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In many cases, it is sufficient to know ′′(ω) in a finite range around the ω in question,
under the assumption that ′′ is small close to the boundaries. The contribution of
additional resonances in the far UV-region can often be neglected as the contribution
of ′′ to ′ scales with ω′
ω′2−ω2
If the electromagnetic properties of a thin film and the underlying substrate are
known, one can calculate the reflectance of the system using the so called Fresnel
equations. The incoming light is regarded as a plane electromagnetic wave with
wavevector k and photon energy h¯ω:
E(r, t) = E0ei(ωt−k·r). (3.28)
The polarisation of a wave whose plane of incidence is defined by its wavevector k
and the surface normal n is separated in two components: The part of the electric
field that is perpendicular to the plane of incidence (s-polarization) and the part
that is parallel to the plane of incidence (p-polarization) (see Figure 3.13a).
Figure 3.13: (a) Illustration of a plane wave being reflected and transmitted at an
interface between two media, characterized by dielectric functions a
and b. (b) Reflection and transmission for a three phase system.






where E0 denotes the amplitude of the incoming electric field and Er is the reflected
amplitude with the respective polarization. The coefficient rp/s depends not only on
the dielectric function of the media but also on the angle of incidence αa.
rp =
√
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For all measurements that are presented in this thesis, the angle of incidence was
zero (normal incidence). In this case, all the cosine terms in eq. 3.30 become unity
and Rp = Rs.
So far, only the case of a two-phase system with a single interface has been
considered. However, a thin film on top of a substrate has to be treated as a
three-phase system with three dielectric functions (a, b, c). The resulting film
thickness dependent reflectivity R(d) takes a rather complicated form, but a simple
approximation can be made for the case of very thin films with (d << λ), which
is true for the organic thin films that are studied in this thesis. One can show (see
ref. [153]) that the differential reflectance R(d)−R(0)
R(0) , that is, the normed difference
between reflectance with the thin film and the reflectance of the bare substrate





Im( b − c




a − c ) (3.32)
where a denotes the dielectric function of the ambient medium, typically air or
vacuum, in which case a is real. b and c denote the dielectric functions of the thin
film and the substrate, respectively (see Figure 3.13b. Thus, for a fixed wavelength
there is a direct relation between the differential reflectance and the dielectric func-
tion of the thin film. The right side of eq. 3.32 can be separated into the real and





(A · ′′b +B · [′b − 1]). (3.33)
The parameters A and B only depend on the optical properties of the underlying
substrate:
A = 1− 
′
c





(1− ′c)2 + (′′c )2
(3.35)
For |B| << |A|, that is, if the substrate is transparent in the investigated energy
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A · ′′b . (3.36)
Thus, for transparent substrates, such as fused silica, the differential reflectance is
directly proportional to the imaginary part ′′b of the thin film. Note that the above
used approximation is only valid for semi-infinite substrates.
3.3.2 Transfer-matrix method
For the case of an organic thin film on a non-transparent substrate, such as silicon or
gold, the reflectance of the corresponding multilayer system can be calculated using
the so called transfer-matrix method. [154] The transfer-matrix method allows one to
simulate the propagation of an electromagnetic plane wave through a multilayer sys-
tems with more than one reflecting interface. The layered system is represented as a
matrix which is the product of the matrices of individual layers. The transfer-matrix
formalism can be applied to several scenarios and systems, including incidence at
a finite angle, magnetic and absorbing materials. The Parratt Formalism for the
simulation of the X-ray reflectivity of multilayer systems, that has been described
in an earlier section, is also based on the transfer-matrix method. [151]
Here, we present the case of normal incidence with respect to the surface of the mul-
tilayer system (parallel to the z-axis). The field within a each layer can be written
as the superposition of left- and right-traveling waves with wave number k:
E(z) = Ereikz + Ele−ikz (3.37)
The electromagnetic field can be written in the form of a vector (E(z), F (z))
where F denotes the derivation of the electric field
F = dE
dz
= ikEreikz − ikEle−ikz. (3.38)
From Maxwell’s equation follows that both E(z) and F (z) are continuous across a
boundary.
Consequently, the propagation of the vector (E(z), F (z)) over a distance d can be
written in the form of a matrix operationE(z + d)
F (z + d)
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with
M =
 cos kd 1k sin kd
−k sin kd cos kd
 (3.40)
Eq. 3.40 describes the propagation of an electromagnetic wave through a layer with
thickness d, where the plane wave has the wavenumber k. A system with N layers
can be treated analogously. The system transfer-matrix in this case becomes
Ms = MN · ... ·M2 ·M1 (3.41)
with Mi denoting the transfer matrices of the individual layers and i increasing to-
wards higher z values.
Knowledge of the system transfer-matrix makes it possible to calculate the re-
flectance and transmittance of the system. If z = 0 marks the surface of the layered
system, then the field Eout with wave number kout outside of the layered structure
(z < 0) is described as
Eout(z) = E0eikoutz + rE0e−ikoutz. (3.42)
Here, E0 denotes the amplitude of the incoming wave and r is the amplitude re-
flectance coefficient. Inside the system (z ≥ 0), the field has the form
Ein(z) = tE0eikinz (3.43)
with t being the amplitude transmittance and kin denoting the wave number within
the system. Solving the equationEin(0)
Fin(0)














(M21 + koutkinM12) + i(koutM22 − kinM11)
(−M21 + koutkinM12) + i(koutM22 + kinM11)
]
(3.46)
The more easily measurable quantities T and R that describe the intensity re-
flectance and transmittance can then be calculated using T = |t|2 and R = |r|2.
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3.3.3 Monitoring the switching process of molecular switches
with DRS
If two isomers of molecular switches have different absorption spectra, which is the
case for most azobenzene derivatives, optical absorption measurements are a well-
suited tool to monitor the switching process. Since the optical reflectance of a thin
film is related to the optical absorption, it is possible to monitor the switching process
with reflectance spectroscopy. Performing material specific simulations based on
the transfer-matrix method, it can be shown that for specific regions of the photon
energy the optical reflectivity R(d) of a system, consisting of a substrate and an
organic thin film on top, has (to a good approximation) a linear dependence on the
change of the extinction coefficient k.
∆R ∝ ∆k. (3.47)
Since the extinction coefficient k is related to the attenuation coefficient α via
α = 4pik
λ
, the change of the reflectivity in these regions of the photon energy is
proportional to the relative change of the attenuation coefficient α.
∆R ∝ ∆α. (3.48)
As a consequence, ∆R also has a linear dependence on the concentration of the E−
or Z− isomer, respectively.
∆R ∝ ∆E and ∆R ∝ ∆Z. (3.49)
In chapter 6, we use this linear dependence for a detailed investigation of the switch-
ing kinetics of azobenzenes in nanofibers.
Most of the real-time switching experiments that are presented in this thesis have
been performed in a specially designed high vacuum chamber (see Figure 3.14a).
The chamber can be equipped with a Beryllium window that is transparent for X-
rays. Also, there are several fused silica windows in the top flange which allow for
optical access. The top windows can be used for irradiation of the sample with UV-
or visible light. A larger window at the central position directly above the sample
can be used for DRS measurements with a two-channel reflection fiber probe (see
Figure 3.14b). Optionally, a four-leg fiber bundle with an additional reference leg
can be equipped that connects the Xenon lamp with a second spectrometer. In this
way, any long-time intensity fluctuations of the Xenon lamp can be monitored and
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Figure 3.14: (a) The high vacuum chamber that has been designed in this thesis,
optimized for inducing and monitoring photoisomerization in real-
time and (b) scheme of the reflection probe setup that has been used
for real-time DRS measurements
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corrected in the data evaluation process. This second setup has been used for the
long-time in situ measurements that are presented in chapter 4. For measurements
that take less than an hour, the long time fluctuations of the Xenon lamp do not
play a role. The short time fluctuations of the output of the Xenon lamp I(t)/I0





Spin-coating is a technique that allows to easily prepare thin films of soluble small
molecules, polymers or inorganic materials on a flat substrate. It is intensively
used for photolithography and other microfabrication processes. But it can also
be used to coat larger objects, such as flat panel TV displays. [155] The basic
principle of spin-coating is shown in Figure 3.15. The substrate is put on a rotation
stage and fixated via a small vacuum pump. A drop of solution is given onto the
spinning substrate (dynamic dispense) or onto the resting substrate that is set to
rotation a few seconds later (static dispense). As a result, the coating material is
spread across the substrate by centrifugal force. During this process, the solvent
evaporates and only the desired material is left on the substrate. The centrifugal
force in combination with the surface tension of the solution leads to an even covering
of the substrate. The thickness and morphology of the film can be influenced by
parameters such as the rotation speed, the solution concentration and the viscosity of
the solvent. [156,157] A higher rotation speed or lower concentration of the solution
usually leads to thinner films. In general, the dependency of the film thickness on
Figure 3.15: Sketch showing the typical spin-coating procedure.




where t is the thickness of the spin coated film and ω is the angular velocity of
the substrate. The absolute film thickness, however, also depends on the material
concentration and the solvent evaporation rate which is determined by the solvent




zippers’ based on azobenzene main
chain polymers
In this chapter, the molecular structure and the switching process of main-chain
azobenzene polymers in thin films are investigated. We show that in thin films, the
azobenzene main chain polymer P1 self-assembles into ’molecular zippers’. Molecu-
lar zippers are common in biological systems like DNA or proteins and can be defined
as molecular structures where molecules are interlocked in two directions through
non-covalent interactions, along the length of the zip and across it. [158, 159] We
find that thin films of P1 can be reversibly switched between a highly ordered
state (closed zippers) and a less ordered, amorphous state (open zippers). We use
real-time and in situ grazing incidence X-ray diffraction (GIXD) and UV-Vis dif-
ferential reflectance spectroscopy (DRS) simultaneously to obtain information on
both the photoisomerization of the azobenzene chromophores and the significant
photoresponse of the molecular zippers. Our findings suggest that the observed
complete amorphization of the film is induced by E → Z isomerization of about
20% of the azobenzene chromophores and that the ensemble kinetics of the E → Z
isomerization is about 18 times faster than the kinetics of the amorphization.
4.1 Motivation
In 2001, Finkelmann et al. showed that large reversible shape changes of azoben-
zene functionalized elastomers in solids can be generated optically. [160] Also in
2001, McGrath et al. reported the direct observation of light-induced structural re-
organization within a solid monolayer of azobenzene-containing functionalized den-
drimers. [161, 162] During the following years, a large variety of photomechanical
responses has been found for polymers with azobenzene chromophores in the side
chains. [163–167] Application ideas make use of the fact that light-induced collec-
tive or cooperative motions of azobenzenes at a molecular level can be amplified to
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macroscopic scales, often via a photoinduced phase transition within the polymer
film. For example, Ikeda and co-workers have used liquid crystalline thin films of
azobenzene polymers to build light-driven motors, in which an isothermal transition
from a liquid-crystalline to an isotropic state caused by E → Z isomerization of
the azobenzene moieties acts as the driving force. [87, 168] All of these systems are
Figure 4.1: Chemical structure of E- and Z -P1 (R = n−C12H25). UV-irradiation
causes a reversible rod-coil transition of the polymer.
based on polymers with azobenzene in the side chains, which allows one to control
the molecular structure of a polymer film indirectly via modifiying the interaction
between adjacent polymers with light. However, polymers with molecular switches
in the main chain allow for a more direct optical control over the molecular struc-
ture. [123,169–175] Recently, Bléger et al. developed polymers with azobenzenes in
the main chain and dodecyl side chains that enable a maximized photodeformation
in solution [176] and allow for crawling motion on surfaces [177]. The rigid-rod
polymer P1 (see Figure 4.1) incorporates azobenzene chromophores in a poly(para-
phenylene) backbone with two dodecyl side chains per repeat unit. A crucial aspect
of the design is the presence of ortho-methyl groups and therefore introduction
of large dihedral angles between the azobenzene units in order to decouple these
units and break the electronic conjugation. This point ensures that a Z -rich pho-
tostationary state (PSS) can be reached upon irradiation with UV-light. [126] The
azobenzene polymers can be switched from a thermodynamically stable linear and
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elongated conformation where the azobenzenes are in the so called E-configuration
to a compact and kinked conformation with azobenzenes in the Z -configuration. An
important remaining question is, whether in an ordered thin film the polymer can
still switch and whether molecular switching of the chromophores may trigger larger
structural changes through coupling to neighboring polymers.
Figure 4.2: (a) AFM Image of a spin-casted P1 film with height profile and (b)
step height distribution.
4.2 Results
4.2.1 Layered island structure as revealed by microscopy
Samples of P1-polymers were spin-coated (1500 rpm) onto mica substrates from a
25 mg/ml toluene solution. AFM images of the main chain azobenzene polymer
films show a homogeneous sample morphology, characterized by large islands with
45
4.2 Results
diameters > 1 µm and several clearly distinguishable layers (Figure 4.2a). Large
terraces with round step edges allow for further evaluation. A histogram of the step-
height distribution is plotted in Figure 4.2b. The most frequently occurring step-
height of 3.0-3.5 nm suggests a predominant edge-on orientation of the polymers
with respect to the mica substrate. The inset of Figure 4.2b shows an illustration
Figure 4.3: AFM images taken (a) before and (b) after 10 min irradiation with
UV-light (91 mW/cm2) and (c) comparison of height profiles taken
along dotted white lines in (a) and (b) showing no significant and
systematic changes due to exposure to UV-light.
of a stacking model involving interdigitation of dodecyl side chains that would be in
agreement with the AFM data.
Irradiating the sample for 10 min with UV-light (91 mW/cm2, 365 nm ± 5 nm) did
not have a significant effect on the overall sample morphology (see Figure 4.3). Only
locally some island shapes change slightly. X-ray reflectivity (XRR) measurements
show no out-of-plane Bragg reflections of the polymer film (see Figure 4.4), which is
in agreement with AFM, where the varying step heights also indicate the absence of
a coherently ordered periodic layer structure perpendicular to the substrate surface.
This point requires some more explanation. In general a rather well defined layered
structure such as it is shown in Figure 4.2 can have Bragg reflections that are visible
in XRR. However, if the organic structure is very thin (<10 layers) and involves
interdigitating layers, the modulation of the electron density along the z-axis might
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Figure 4.4: X-ray reflectivity of a spin-casted P1 thin film showing only Bragg
peaks of the muscovite mica substrate. Peaks assigned with λ/2 are
caused by the second harmonic of the 8 keV Cu-Kα radiation.
Figure 4.5: Influence of the distribution of lattice spacings on the X-ray reflectivity,
demonstrated with simulations using Parratt’s formalism. A XRR
measurement will give the sum over many XRR curves corresponding




be rather weak and the resulting scattering features might therefore be suppressed.
A second explanation for the absence of Bragg reflections in the XRR is related
to the step height distribution measured with AFM. Figure 4.2b shows that there
is not a single defined step height in the film but rather a distribution of different
step heights, ranging from 2.7 nm up to about 3.7 nm, which is a larger spread of
lattice spacings than typically observed for organic thin films. One explanation for
this could be that the extent of interdigitation of the alkyl side chains varies from
spot to spot, which could cause such a distribution of lattice spacings. Since (at
least for our laboratory X-ray source where the XRR measurements were taken) our
X-ray spot size exceeds the coherence length of the X-ray beam by far, we effectively
measure the sum of all the different X-ray scattering signals, corresponding to islands
with a different layering. In the sum, the Bragg reflections and Laue fringes of
the single islands can superimpose each other and therefore be smeared out. We
performed some simulations using the Parratt formalism. Figure 4.5 shows the
simulated XRR at different sample spots corresponding to different step heights.
The input parameters are based on values obtained from AFM images. One can see
that already a small number of interfering layer structures that all have the same
average layer thickness but a different step height distribution can cancel out the
Kiessig and Laue fringes of the "single" islands.
4.2.2 Light controlled molecular interdigitation as shown by
X-ray diffraction
To investigate the initial molecular structure within the film and the UV light in-
duced structural changes, we used time-resolved Grazing Incidence X-ray Diffrac-
tion (GIXD). X-ray diffraction is sensitive to coherently ordered molecular crystals
and thus presents a powerful technique to address the isomerization of molecular
switches in domains with long range ordering. [178–180] The black curve in Figure
4.6a shows a GIXD scan of a P1 thin film before the very first UV-irradiation. Plot-
ted is the scattered X-ray intensity as a function of the in-plane wavevector transfer
q|| = 4pi/λ sin θ, where 2θ denotes the angle between primary and diffracted beam.
There are three main diffraction features. The first in-plane scattering feature ap-
pears at a wavevector transfer q|| = 0.42 Å
−1, corresponding to an in-plane lattice
spacing d|| = 2piq|| of 1.5 nm. Referring to earlier X-ray diffraction studies of rigid rod
polymers with long alkyl side chains, we tentatively assign this peak to the packing
structure of the polymer main chain. [181] In Figure 4.6a, the position and rela-
tive strength of two in-plane Bragg reflections at q|| = 1.52 Å
−1(d|| = 4.13 Å) and
q|| = 1.69 Å
−1(d|| = 3.72 Å) resemble the in-plane scattering features of the thin
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Figure 4.6: (a) GIXD scan of a P1 thin film before (black) and after (red) UV-
irradiation. For comparison the scattering signal of n−C44H90 (blue)
is also shown. (b) Illustration of the proposed in-plane unit cell of
the C12H25 side-chains (top view). (c) GIXD scans of the (110) Bragg
peak of the sample before the very first UV-irradiation and during two
irradiation cycles with UV light and visible light.
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film structure of long n-alkanes like C44H90 (blue curve), where the n-alkane chains
align nearly perpendicular to the substrate surface. [139,182,183] The large spacing
of 1.5 nm between two dodecyl-chains along the polymeric backbone in the stretched
out E-rich conformation prevents a single layer of P1 from mimicing the n-alkane
thin film structure (see Figure 4.6b). However, if the dodecyl side-chains of the n-th
layer are allowed to interdigitate with dodecyl-chains from the n+1’th and n-1’th
layer, the P1 polymers can easily adopt the n-alkane thin film structure, since the
inter-chain spacing of 1.5 nm along the polymeric backbone happens to be almost
exactly twice as long as the longer axis of the n-alkane in-plane unit cell (0.74 nm).
In fact, interdigitating dodecyl side-chains have been found in the case of comparable
polymers with long dodecyl side chains such as poly(3-dodecylthiophene), poly[5,5’-
bis(3-dodecyl-2-thienyl)-2,2’-bithiophene)] (PQT), poly(2,5-bis(3-alkylthiophene-2-
yl)thieno[3,2-b]thiophene) (pBTTT) or poly(n-dodecyl acrylates). [135,136,184,185]
We checked for light-induced changes in the crystal structure with time-resolved
GIXD. The red curve in Figure 4.6a shows the GIXD signal after the sample was
exposed to UV-light with an intensity of 91 mW/cm2, an energy of 3.4 eV and spread
of 0.1 eV for 10 min. UV-irradiation leads to a comparatively small decrease of (10 ±
1) % of the intensity of the Bragg peak at q|| = 0.42 Å
−1, which we attribute to the
main chain of the polymer. If most of the ordered azobenzenes within the film would
switch, a stronger decrease or a shift of the scattering feature at q|| = 0.42 Å
−1 would
be expected. On the other hand, the in-plane Bragg reflections at q|| = 1.52 Å
−1 and
q|| = 1.69 Å
−1 vanish after around 4 min of UV-light exposure (91 mW/cm2 at 3.4
eV), indicating amorphization of the initially crystalline dodecyl side chains since no
new Bragg reflections appear. We observed a slight temperature increase from 22°C
to 24°C due to UV-light absorption of the substrate or the film. However, heating the
sample up to 100°C did not significantly influence the crystal structure, so that the
structural transition is indeed light-induced (and not due to local heating effects).
From the thermal stability up to 100°C, we also conclude that the experiments
were carried out far below the melting temperature of the (unswitched) azobenzene
polymer thin film. Figure 4.6c provides a 3D plot showing GIXD scans of a P1 thin
film that were measured during 3 irradiation cycles. The GIXD measurement of the
freshly prepared sample before the very first UV-irradiation shows a Bragg peak at
q|| = 1.52 Å
−1. After 10 min of UV-irradiation, the peak vanishes, but it reappears
if the sample is irradiated with visible light. While the structural recovery in the
first switching cycle is not complete, we find that from the 2nd irradiation cycle on,
the light-induced structural transition is almost completely reversible.
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4.2.3 Kinetics of the E-Z isomerization as judged by optical
spectroscopy
To investigate how the observed light-induced changes within the film are related
to E → Z isomerization of azobenzenes, we performed UV-Vis spectroscopy in
transmission and reflection geometry. A comparison of the optical transmittance of
the sample before and after irradiation with UV-light is shown in Figure 4.7a. Upon
UV-irradiation, the film absorbance between 3.2 eV and 4 eV corresponding to the
absorption maximum of the E-isomer decreases by (19 ± 1) %.
Figure 4.7: (a) Thin film absorbance at 3.5 eV before and after 5 min irradiation
with UV-light (3.4 eV, 91 mW/cm2). (b) DRS spectra during UV-
irradiation showing the relative change of reflectivity due to E → Z
isomerization of azobenzene chromophores.
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We also prepared films with a different nominal thicknesses (1-25 nm) by varying
the solution concentration (1 mg/mL to 25 mg/mL) to check if only azobenzene
units close to the sample surface or close to the substrate surface can be switched;
Both scenarios would lead to a thickness dependence of the fraction of azobenzenes
that can be switched. However, no significant effect of the film thickness on the
relative amount of switched azobenzenes has been found in this range (see Figure
4.8).
Figure 4.8: Relative change of the thin film absorbance at 350 nm after UV-
irradiation plotted for different nominal film thicknesses (measure-
ments performed by Tobias Liebig)
We find that from the 2nd switching cycle on, the spectral changes are almost
completely reversible. Under the assumption that the ratio between E-isomer ab-
sorbance and Z -isomer absorbance at 3.5 eV does not significantly change when the
polymers are in a thin film, we can give an estimation of the fraction of Z -isomers
in the thin film after UV-irradiation. Another assumption we have to make is that
the absorption of the polymer film in the region around 3.5 eV is dominated by the
azobenzene moieties. This assumption is reasonable because neither the dodecyl nor
the phenyl groups absorb in the region around 3.5 eV.
In ref. [176], Bléger et al. performed nuclear magnetic resonance (NMR) and
optical absorption measurements of P1 in solution. Using their results, one can
estimate the relative absorption of the Z isomer at 3.5 eV. 1H-NMR shows that
after UV-irradiation there are 14 % E-isomers and 86 % Z -isomers in a P1 solution
sample. The optical absorbance of the same solution decreases under the same UV-
irradiation conditions from 1 to about 0.2 at 3.5 eV. We can use this to calculate
the relative absorbance of Z-isomers. 14 % E-isomers will contribute 0.14 to the
absorbance of the switched solution. The remaining 0.06 absorbance of the switched
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solution can be attributed to the absorbance of the 86 % Z -isomers at 3.5 eV. The
relative absorbance of Z -isomers is then
A3.5eVZ =
1
0.86 · 0.06 · A
3.5eV
E ≈ 0.07 · A3.5eVE . (4.1)
Thus, the absorbance of Z -azobenzene at 3.5 eV is about 14 times weaker than
the absorbance of E-azobenzene at 3.5 eV. Under the assumption that the ratio be-
tween E-isomer absorbance and Z -isomer absorbance at 3.5 eV does not significantly
change when the polymers are in a thin film, we can give an estimation of the frac-
tion of Z -isomers in the thin film after UV-irradiation. Figure 4.7a shows that the
absorbance of a P1 thin film at 3.5 eV decreases by (19 ± 1) % upon UV-irradiation
with respect to the dark state where all azobenzenes are in the E-conformation.
A3.5eVUV = 0.81 · A3.5eVE . (4.2)
Here A3.5eVUV denotes the absorbance of the film after UV-irradiation and A3.5eVE de-
notes the absorbance of the polymer film in the dark state. After UV-irradiation, the
film contains a mixture of E-isomers and Z -isomers. Thus the measured absorbance
after UV-irradiation can be written in the form of
A3.5eVUV = (1− x) · A3.5eVE + x · A3.5eVZ (4.3)
where x denotes the fraction of Z -isomers in the film after UV-irradiation. Using eq.
4.1 and 4.2 we can solve eq. 4.3 and find that x = 0.204. Therefore our optical ab-
sorbance measurements suggest that about (20 ± 1) % of all azobenzenes within the
film are switched from E to Z. Apart from absorption spectroscopy in transmission
geometry, one can also use differential reflectance spectroscopy (DRS) to monitor
the photoisomerization process. Figure 4.7b shows the relative change of the optical
reflectivity during UV-irradiation. It increases in the region between 3.5 eV and
4.2 eV corresponding to the energy gap of the pi − pi∗ transition of E-azobenzene,
while it decreases in the visible region between 2.5 eV and 3.2 eV, corresponding
to the energy gap of the n − pi∗ transition of the Z -azobenzene. Note that due
to interference effects, the peak positions in DRS (Figure 4.7b) are slightly shifted
with respect to the peak positions in the measurements in transmission geometry
(Figure 4.7a). This behavior proves that E → Z isomerization is indeed occurring
within the polymer film. The sharp feature at 3.4 eV can be attributed to diffusely
scattered light from the UV-LED that is used to induce E → Z isomerization.
We performed simultaneously in situ GIXD and DRS measurements to study the
relation between the partial disordering of the initially highly ordered film and the
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Figure 4.9: UV-light intensity distribution across the sample, together with the
size of the GIXD footprint and the position of the DRS sample region.
E → Z isomerization of P1. To make GIXD and DRS measurements comparable,
one has to make sure that both methods sample regions with comparable exposure
to UV-light during the switching cycles. Figure 4.9 shows a plot of the light inten-
sity of our UV-light source at the sample distance is shown. The FWHM of the
Gaussian profile is slightly larger than the sample diameter. Thus at the very edge
of the sample the light intensity is about 60 % of the light intensity in the middle
of the sample. The 10 × 2 mm2 GIXD footprint overlaps with the 2 mm2 DRS
spot. As can be seen in Figure 4.10a, both the optical reflectivity at 2.75 eV and the
GIXD intensity at q|| = 1.52 Å
−1 decrease upon UV-irradiation and increase again
after the UV-light is switched off. Both the DRS and the GIXD intensity signals
show a general decline after several switching cycles, possibly caused by drifts in
room temperature that can lead to a slight misalignment in the optical and X-ray
reflection geometry. Also, a physical process within the sample like photo-induced
chromophore re-orientation [186] could lead to a reduction in DRS and GIXD sig-
nals. Further, a gradient in the intensity of the UV-light could cause mass transport
within an azobenzene containing thin film [78] reducing the number of molecules in
the sampled area. GIXD measurements with higher temporal resolution, taken at
the SLS synchrotron source, show that the time to reach the photostationary state
(PSS) differs drastically between DRS and GIXD measurements (see Figure 4.10b).
For GIXD the scattered intensity is integrated along the vertical detector axis for a
small interval around q|| = 1.52 Å-1 (see Figure 4.11).
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Figure 4.10: (a) Simultaneous DRS (top) and GIXD (bottom) during 9 switching
cycles. UV irradiation induces E → Z isomerization of P1 and
amorphization of the alkyl side-chains. The Z → E isomerization
and recrystallization is induced by the Xe lamp. (b) Comparison
of the switching kinetics as determined by time-resolved DRS and
GIXD under identical conditions but not simultaneously measured.
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Figure 4.11: A series of 2D detector images taken at the strongest in-plane Bragg
reflection (q|| = 1.52 Å
−1) during UV-irradiation. In time-resolved
measurements, the integrated intensity in the region marked by red
dotted lines is plotted.
In DRS, the PSS is reached with a time constant of τ = 5 s. The red line is a
monoexponential fit to the data. In the GIXD measurement, the PSS is reached
with a time constant of τ = 90 s under the same conditions. After the UV-light
is switched off, the optical reflectivity returns back to its initial state with a time
constant of τ = 45 s, while the time constant of the recrystallization as monitored
with GIXD is τ = 180 s. Note that the Z → E isomerization is induced by visible
light (< 3 eV) since the time-resolved optical measurements within a wide spectral
range require constant irradiation with white light from a Xe-lamp. We found that
the UV-intensity of the Xe-light had only a minor effect (∆R/R at 3.5 eV = 0.5 %)
on the E → Z isomerization compared to our UV-LED (∆R/R at 3.5 eV ≈ 4 %).
Therefore we can exclude that most azobenzenes were already in the Z -configuration
before the UV-LED was switched on. Another point that has to be considered is
that Figure 4.9 shows that the average UV-light intensity in the region sampled
with GIXD is smaller than the UV-light intensity in the region sampled with DRS.
It has been checked that the isomerization rate is proportional to the intensity of
the UV-light. Since the UV-light intensities in the regions sampled with GIXD and
DRS, respectively, only differ by less than a factor of 2, the observed difference of
the time constants in GIXD and DRS (a factor of 18) can not be explained by the
inhomogeneous irradiation of the sample with UV-light.
4.2.4 Discussion
Combining our results from GIXD and DRS, we can understand the switching mech-
anism in the layered thin films of the main chain azobenzene polymers. With GIXD
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we find an interdigitating molecular zipper structure, in which UV-light induces
amorphization of the dodecyl side-chains, corresponding to an opening of the molec-
ular zippers. A comparison of the time-resolved GIXD and DRS measurements
shows that the kinetics of this amorphization is more than one order of magnitude
slower than the ensemble kinetics of the E → Z isomerization. Interestingly, we
observe a fast monoexponential decay in the time-resolved DRS data. If the reason
behind the slower kinetics of the amorphization was a slower switching mechanism
of constrained azobenzenes in highly ordered domains coexisting with less ordered
domains, one would expect a double exponential decay of the DRS data, because
optical spectroscopy is sensitive to all azobenzene chromophores within the film. If a
double exponential fit based on the two different time constants that were obtained
with DRS and GIXD is applied to the DRS data, one finds that less than 0.6 % of all
azobenzene chromophores within the film could switch with a slower time constant.
From this, we conclude that a monoexponential decay describes the time-resolved
DRS data with adequate accuracy and that the time constant of the amorphization
is not primarily governed by the kinetics of the E → Z isomerization.
Figure 4.12: Sketch of the proposed switching scenario. Light-induced E → Z
isomerization of azobenzene chromophores in the polymer main chain
disrupts the coherent ordering of dodecyl side chains.
UV-Vis spectroscopy measurements of the optical absorbance of the polymer film
showed that in the polymer film only a fraction (around 20%) of all azobenzenes
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undergo E → Z isomerization. This is supported by GIXD measurements, where
the Bragg reflection at q|| = 0.42 Å-1, which we attribute to the ordering of the
polymer main chain, decreases only slightly upon UV-irradiation, indicating that
most of the ordered polymer main chains remain stretched out even after the side
chains lost their coherent long range order. A scenario that could explain all of our
experimental findings is illustrated in Figure 4.12. Strain and disorder generated by
fast isomerization (τ = 5 s) of a single azobenzene moiety, possibly close to a defect
site or domain boundary slowly spreads throughout the film (τ = 90 s), thereby
disrupting the coherent ordering of the initially crystalline dodecyl side chains and
ultimately leading to an amorphous structure of the film. After the UV-light is
switched off, Z → E isomerization of the switched azobenzene moiety occurs (τ
= 45 s, triggered by the visible light of the Xe-lamp), followed by a slower recrys-
tallization process of the dodecyl side chains (τ = 180 s). Therefore, light-induced
switching occurs rapidly at the local molecular level by E → Z and Z → E photoi-
somerization, and subsequent structural changes in the thin films are associated with
longer time scales. A similar behavior has been observed for thin films of side chain
azobenzene polymers, where the photochemically induced isomerization of azoben-
zene chromophores triggers a photoexpansion of the film. [187] The time constants
of the photoexpansion and the mechanical relaxation were found to be considerably
slower than the corresponding time constants of the azobenzene photoisomerization
and the thermal back-reaction. The time constants of the amorphization and the
recrystallization of the polymer film are primarily not governed by switching but by
structural and topological constraints, such as chain stiffness, pinning of amorphous
chains and the thickness distribution of lamellae. [188]
4.3 Conclusion
We have shown that it is possible to switch layered thin films of main chain azoben-
zene polymers reversibly between a highly ordered state involving interdigitating
dodecyl side chains (closed zippers) and a significantly less ordered state with disor-
dered side chains (open zippers). To our knowledge, this is the first demonstration
of a rigid main chain polymer-based molecular zipper undergoing reversible light-
controlled opening and closing. It is a remarkable result that fast E → Z isomeriza-
tion (τ = 5 s) of a small fraction (≈ 20 %) of all azobenzene chromophores within
the polymer film is sufficient to disrupt the long range ordering of the protruding
dodecyl side chains and to induce amorphization of the film. This amorphization
occurs on a much larger timescale (τ = 90 s), determined by structural and topo-
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logical constraints. Our findings of a delay between azobenzene switching and the
structural effects are important for optomechanically active or self-healing materials
that make use of a reversible light-controlled phase transition.
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5 Switching in molecular crystals
5.1 Motivation
In the last chapter, we demonstrated that it is possible to switch azobenzene poly-
mers with alkyl side chains in thin multilayer films. In this system, the interdigitat-
ing alkyl sidechains formed crystalline nanodomains. However, as typical for poly-
meric systems, the long range order within the samples is limited. No higher order
Bragg reflections and no coherent out-of-plane ordering have been found. There-
fore, the question whether linear multiazobenzene compounds can be switched in
highly crystalline environments is not answered, yet. Films consisting of smaller
organic molecules can exhibit a higher crystallinity than polymeric films. Over
the last decade, highly crystalline organic thin films were made for optoelectronic
applications using organic semiconductors like, for example, pentacene [189], diin-
denoperylene [190] or PTCDA [191]. More recently, it has been shown by Koshima
and others that molecular switches can form molecular crystals, too, and that some
of them remain switchable even in highly crystalline environments. [192–195]. In
2015, Uchida et al. demonstrated that single crystalline azobenzene compounds can
be used to build macroscopic crystals that can move across surfaces upon irradiation
with light. [196] They used the fact that the crystallinity of their azobenzene crystals
can be switched off and on reversibly with light. This effect is also known as photo-
induced crystal melt transition (PCMT). [178] Therefore, it is an interesting question
if multiazobenzene compounds can also be switched in highly crystalline environ-
ments and how the photoisomerization kinetics of the azobenzene chromophores will
be influenced by the surrounding crystal.
After the investigation of azobenzene main chain polymers, we focus on azoben-
zene trimers in this chapter. The molecular switch T1 (see Figure 5.1) consists of
three azobenzene chromophores that are electronically decoupled via large dihedral
angles (≈ 90°) between the azobenzene units. [126] Note that, in contrast to P1,
there is no phenyl-group separating the azobenzenes. Tert-butyl groups are attached
to both ends of the azobenzene chain. The azobenzene in the middle is equipped
with two dodecyl side chains at the ortho-position. In the following section, we
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Figure 5.1: Chemical structure of the azobenzene trimer T1 that is used in this
study.
characterize the thin morphology of T1 thin films that have been prepared via spin-
coating using AFM. The molecular crystal structure is determined using XRR and
GIXD. We study the azobenzene isomerization in the thin film with DRS and study
light-induced structural changes using real-time GIXD.
5.2 Results
5.2.1 Film structure and morphology
Thin films of T1 on SiO2 were prepared via spin-coating, using a solution of 20
mg/mL T1 in toluene. The solution drop was dispensed on the resting substrate
which was set to rotation (60 rpm) 5 s after the dispensing step. Figure 5.2a shows a
10 x 10 µm2 AFM image of a T1 thin film. Many small crystallites with diameters
of several hundred nm are visible. Figure 5.2b shows a 2 x 2 µm2 AFM image
with higher spatial resolution in which small holey structures within the crystallites
become visible. In addition to AFM, also XRR has been performed to determine the
film thickness, roughness and the electron density. Figure 5.3 shows the XRR plotted
against the wave vector transfer qz pointing along the surface normal. At lower qz
values, Kiessig fringes can be identified. A fit using the Parratt Algorithm [151]
yields a nominal film thickness of 28.0 nm, a RMS roughness of 2.4 nm and an
electron density of 0.2 e-/Å3. This electron density lies in the typical range of
organic thin films (e.g., bulk PET has 0.3 e-/Å3).
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Figure 5.2: AFM images showing a 10 x 10 µm2 region (a) and a 2 x 2 µm2 region
(b).
Figure 5.3: XRR scan of an azobenzene trimer sample on SiO2.
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AFM images showing many large island structures suggest that T1 might form
molecular crystals. Wide angle X-ray scattering has been performed for a detailed
determination of the molecular crystal structure. Figure 5.4a shows a XRR measure-
Figure 5.4: Wide-angle XRR (a) and GIXD (b) scans of an azobenzene trimer
sample.
ment of a wider qz region. Several Bragg reflections in the region between 0 and 2.5
Å-1 are visible. Most of them are higher order reflections of the (001) out-of-plane
Bragg reflection at qz = 0.25 Å-1. The large number of higher order Bragg reflections
indicates a very good coherent ordering perpendicular to the substrate surface. The
corresponding lattice spacing is 24.3 Å which is significantly smaller than the length
of the longitudinal axis of the molecules (≈ 37 Å). One additional Bragg peak at
1.54 Å-1, (denoted with 1 in Figure 5.4a) corresponding to a lattice spacing of 4.08
Å could possibly be attributed to a second crystal phase. The small lattice spacing
and the strength of the corresponding Bragg reflection suggest a coexisting structure
consisting of many stacked layers of lying-down molecules. The in-plane structure of
the molecular crystals has been investigated with GIXD. Figure 5.4b shows a GIXD
scan of the same sample. At least seven features have been found. This allows for
the determination of an in-plane unit cell. The positions of the Bragg reflections in
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Figure 5.5: Table comparing the measured positions of out-of-plane and in-plane
Bragg reflections with calculated positions based on the unit cell as
given in the text.
the XRR and GIXD scans are in agreement with the following unit cell parameters:
a = 8.7 Å, b = 10.2 Å, c = 24.3 Å, α = 90°, β = 90°, γ = 85°. The exact values
of the unit cell parameters have been determined using a program that calculated
the resulting positions of Bragg reflections for a given set of unit cell parameters.
Table 5.5 shows the positions of the out-of-plane and in-plane Bragg reflections as
measured with XRD and as calculated based on the proposed unit cell. The index-
ing of the Bragg reflections in Figure 5.4 was performed according to the calculated
unit cell. A very high packing density probably involving interdigitating molecular
layers is indicated by the volume of the unit cell (≈ 2.1 nm3) which is only slightly
larger than the integrated van-der-Waals volume of a single molecule (≈ 2.0 nm3).
In conclusion, we find that the smaller T1 azobenzene trimers form molecular crys-
tals with a significantly higher crystalline order as compared with crystals formed
by P1 azobenzene polymers and oligomers which were discussed in chapter 4.
5.2.2 Switching the crystal structure off and on with light
As we already demonstrated in chapter 4, DRS is an excellent method to monitor the
switching process of azobenzenes between the E and Z configuration in thin films.
Figure 5.6a shows the DRS signal after 5 min of UV-irradiation (≈ 30 mW/cm2).
Upon irradiation with UV-light, the reflectivity increases in the visible region be-
tween 2.5 eV and 3.2 eV and it decreases in the UV region between 3.2 eV and 4 eV.
At around 3.5 eV there is a small feature that can be attributed to small fluctuations
in the output of the UV-LED.
The amplitude of the DRS signal clearly indicates that a significant amount of the
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Figure 5.6: Real-time DRS measurements during irradiation with UV-light and
visible light. (a) shows the DRS signal vs. the photon energy at
a fixed time t and (b) shows the time-resolved DRS signal at fixed
photon energy (3.1 eV).
azobenenzene chromophores within the film can be switched. As we already demon-
strated in the case of other systems, more can be learned about the isomerization
process by studying the ensemble kinetics of the photoisomerization. In Figure 5.6b,
the DRS signal at 3.1 eV is plotted against time. After the UV-light is switched on,
the DRS signal increases within seconds (see the leftmost red area in Figure 5.6b) to
about 1% (τ = 4 s), followed by a much slower increase up to 8% (τ = 150 s). After
the UV-light is switched off and the sample is only exposed to the white Xe-light of
the measurement lamp, the DRS rapidly decreases by about 2% (τ = 3.6 s) and then
decreases in a much slower pace towards a level that appears to be about 2% above
the initial level (τ = 600 s). It has been proposed before that in highly ordered
environments such as self-assembled monolayers or bulk crystals the photoisomer-
ization can only occur at disordered sites, e.g., close to domain boundaries, defects
or at the surface of a bulk crystal. [197, 198]. From DRS measurements alone, it is
not possible to understand why there are two extremely different time constants of
the photoisomerization kinetics. It is reasonable to assume that the observation of
two very different time constants for the photoisomerization process is related to the
highly crystalline nature of the sample. Therefore, we performed real-time GIXD to
check if the photoisomerization kinetics can be related to structural changes in the
film.
Figure 5.7 shows three in-plane Bragg reflections plotted over time as measured
at the ID03 surface diffraction beamline at ESRF using a X-ray energy of 9.5 keV.
Note that the q|| axis is not equidistant because we only monitored the GIXD in-
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Figure 5.7: Real-time GIXD measurements. Monitored were three in-plane Bragg
reflections during irradiation with UV-light. Upon UV-irradiation
the intensity of all three Bragg reflections decreases. After the UV-
irradiation is switched off, the intensity increases again.
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tensity around the Bragg reflections to enhance the temporal resolution. One can
clearly see that the GIXD intensity of all three Bragg-reflections decreases upon
UV-irradiation (≈ 30 mW/cm2). The photostationary state is reached with a time
constant of τ = 220 s. The Bragg peaks do not completely vanish, indicating that
the crystal is not completely destroyed due to the UV-irradiation. After the UV-
light is switched off, the GIXD intensity of all three Bragg reflections increases again,
indicating a partial recrystallization. We also checked by scanning a wider q||-range
directly after UV-irradiation of the sample that no new Bragg reflections appear.
From this, we conclude that we observe a photoinduced structural phase transition
from a crystalline to a disordered phase. Figure 5.7 also shows a cut along the tem-
poral axis. The time constant of the photoinduced phase transition can be derived
from the curve. A monoexponential fit gives τ = 220 s. This is in the same order
of magnitude as the slower photoisomerization process as measured with DRS (τ
= 150 s). This indicates a common origin of the two processes. It is even possible
that DRS and GIXD monitor the same photoinduced process. The fact, that the
photoinduced process as measured with DRS is about 30% faster than the photoin-
duced structural transition can be explained by the additional irradiation with white
Xe-light in the case of DRS (compare chapter 6). Interestingly, the time constant
of the recrystallization is 90 s or less.
5.2.3 Discussion
Figure 5.8 shows a possible scenario that could explain, why the time constant of
the photoinduced structural transition (τ=220 s) and the slower time constant of
the photoisomerization process (τ=150 s) are relatively similar. Before the first UV-
irradiation, nearly all molecules are in a crystalline phase. Only the azobenzenes at
the crystal surface have sufficient free volume available for the E → Z isomerization.
Upon UV-irradiation, they switch with an ensemble time constant of about 4 s.
Thereby, the molecules in the region close to the old crystal surface that are now
in contact with Z -azobenzenes must rearrange; and this region, which is now the
new crystal surface, will become increasingly disordered. In chapter 4, we have
already observed that a structural phase transition can be much slower than the
photoisomerization process of a molecular ensemble. If the new crystal surface region
is sufficiently disordered, the azobenzene chromophores in it will have sufficient free
volume available to isomerize. As this process goes on and the crystalline region
is continuously shrinking, the real-time DRS signal will look as if there was an
additional slower isomerization process of some ’slow’ switches. As a consequence of
the spreading disorder, the GIXD intensity decreases as observed. In the scenario
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that is presented in Figure 5.8, the photoisomerization time constant of every single
azobenzene is roughly the same. The slower isomerization time constant as measured
with DRS corresponds to the time it takes until the disorder and therefore the free
volume will reach the azobenzene chromophores that are deeper in the crystal.
Figure 5.8: Illustration showing how disorder, generated by photoisomerization at
the crystal surface might spread through the crystal.
5.3 Conclusion
In this chapter, we studied highly crystalline thin films of azobenzene trimer molecules
with dodecyl side chains. We determined the unit cell of the molecular crystal with
GIXD and XRR. Using a combination of real-time DRS and real-time GIXD, we
monitored the photoresponse of both the azobenzene chromophores and the molec-
ular crystal. Following UV-irradiation of the sample, DRS showed the coexistence
of two photoinduced processes with very different time constants. The time con-
stant of the slower process (≈ 150 s) is of the same order as the photoresponse of
the molecular crystal that has been measured with real-time GIXD (≈ 220 s). A
cascadic scenario could explain all of our findings: The photoisomerization starts
at the surface of the molecular crystal, thereby introducing disorder in the adjacent
regions deeper in the molecular crystal. The increasing disorder generates addi-
tional free volume for the azobenzene chromophores in these regions and enables
them to switch from E to Z. As a consequence, the time constant of the structural
phase transition from a crystalline to a disordered phase is of the same order as the
slower time constant as measured with optical spectroscopy. This highly cooperative
switching behavior might occur in a wide range of crystalline materials incorporating
molecular switches. Our main finding, that in crystalline photoresponsive materials
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the photoisomerization process of the single molecular switches and the structural
photoresponse of the material are interconnected, is thus important for the research
field of photoresponsive materials in general. We demonstrated that the photoiso-
merization of molecular switches that are incorporated in crystalline materials is not
always confined to the crystal surface region. This might be a first step towards the
developments of novel highly crystalline photoresponsive (nano-)materials in which
cooperative effects can be expected to be even more important than in polymeric
materials.
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6 Cooperative switching in
nanofibers of azobenzene
oligomers
In chapter 4, we investigated the switching behavior of P1-polymers in thin layered
films. We found that P1-polymers form molecular zippers that can be opened and
closed with light. This is a first demonstration that P1-type molecular switches
could be used as building blocks for supramolecular machines. In this chapter we
make the next step towards the development of nanomaterials that demand the
integration of multiple molecular switches into larger hierarchical assemblies. We
show that azobenzene oligomers of typeP1 self-assemble into well-defined nanofibers
and we perform a quantitative analysis of the switching kinetics of these linear,
supramolecular assemblies. We find that the photoisomerization of azobenzenes in
P1 nanofibers is significantly slower at higher temperatures, in contrast to isolated
azobenzenes where both thermal and optical Z → E isomerization are accelerated
at higher temperatures. Further, we find that the Z → E isomerization is faster
when more azobenzenes are in the Z -configuration, demonstrating that interactions
between the coupled azobenzenes in P1 nanofibers lead to cooperative switching.
6.1 Motivation
The development of artificial mechanical machines and molecular motors operating
on the nanoscale is one of the most important goals of contemporary nanoscience.
[8, 199, 200] Synthetic photoresponsive molecules can be used as building blocks
for a large variety of emerging applications ranging from molecular sensors [201],
energy [202] and information [4] storage devices to nano-optomechanical devices
such as molecular motors [85, 86, 199, 203], artificial muscles [8] and photoactua-
tors [12, 26]. For enabling these applications, it is important to convert molecular
nanoscale responses into measurable effects at meso- and macro-scales by integrating
molecular switches into well-defined hierarchical assemblies. This can include both
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covalent bonding of monomeric switching units to form photoresponsive oligomers
or polymers as well as supramolecular assemblies. Examples for such supramolecu-
lar systems include linear assemblies as in artificial muscles, 2D arrays for surface
functionalization, or 3D crystal lattices for photoactuation. [10,18,19] A high pack-
ing density of switching units in these assemblies is crucial in order to maximize, for
example, generated forces [18] or energy storage capacity [7]. Within these densely
packed supramolecular systems, it is important to control the intra- and intermolec-
ular interaction between switching units, because steric interaction, excitonic and
electronic coupling between adjacent molecular switches alters the switching pro-
cess. Too strong coupling can completely suppress the photoresponse, both via
simple steric hindrance or via excitonic coupling leading to delocalization of the
excitation before the energy can be transferred to the nuclear coordinates. [24, 25]
However, coupling within a supramolecular assembly can also lead to positive coop-
erativity, that is, the chromophores do not switch independently of each other but
exhibit emergent behavior, e.g., by supporting switching cascades. [23, 27,28]
In synthetic systems, possible applications of positive cooperativity range from sens-
ing devices, where it could be used to amplify detection signals and thus to increase
the sensitivity, to artificial muscles, where cooperativity could accelerate the con-
traction or expansion process. In biological systems, cooperativity is commonly
used to accelerate specific processes and to increase or amplify the outcome of reac-
tions. [30] However, there are only very few reports of artificial systems exhibiting
cooperative switching, yet. [22,29,31] One problem is to design molecular systems in
which the intermolecular coupling is not so strong as to impede reversible switching
but strong enough to make the isomerization dependent on neighboring molecules.
Azobenzene derivatives in particular are promising building blocks for cooperatively
switching multicomponent molecular systems. This is because the isomerization
from the stretched out E-isomer to the compact Z -isomer is accompanied by sig-
nificant changes of geometry and dipole moment which enables neighboring chro-
mophores to interact during isomerization through sterical or electronical coupling.
6.2 Results
6.2.1 Fibrils of azobenzene oligomers - film morphology
Figure 6.1a shows an AFM image of a sample of P1 oligomers (see Figure 6.1b)
after deposition on native silicon oxide (SiO2) via spin coating. Thin films of P1
oligomers were cast from 25 mg/mL solution in toluene. The rotation speed of the
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bare substrate was set to 1500 rotations per minute (rpm) before the solution was
dispensed. The SiO2 surface is covered with bundles of fibril structures that each
have a typical length of 1-2 µm and a height of about 4 nm. The apparent width
of the fibrils (≈ 20 nm) is overestimated due to the finite size of the AFM tip.
According to eq. 3.5, the real width of the fibrils is around 4 nm, if the AFM tip
has a radius of 10 nm. Many of the fibrils align roughly parallel with respect to
each other with a typical spacing of 10 - 30 nm. Also note that only very few of the
fibrils on the SiO2 surface have a loose end, which could indicate the formation of
higher aggregates. [204]
Figure 6.1: (a) AFM image showing a 5 × 5 µm2 region of a spin coated sample
of P1 oligomers with a height profile. (b) Chemical structure of P1
and (c) AFM images of the same sample area before (left) and after
(right) 5 min of UV-irradiation (30 mW/cm2).
Since the length of the isolated oligomers in the thermally stable E-configuration
lies between 3 and 30 nm, the fibrils found with AFM must be supramolecular
aggregates consisting of many oligomers. Similar supramolecular aggregates have
been found for other poly(p-phenylene)s before. [205] The limited width and com-
paratively homogeneity of the nanofibers suggests the possibility of a stacking motif
where the oligomer backbones do not align parallel to the longitudinal fiber axis.
We checked for light-induced structural transitions in the azobenzene oligomer
thin films. Figure 6.1c shows AFM images taken in tapping mode before and after
5 min of UV-irradiation (30 mW/cm2). The overall morphology remains unaffected.
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In some areas of the image, small changes, that is, movement or displacement of the
fibrils, can be seen. At least one of the straight fibrils in the left image is clearly
bent after UV-irradiation. The fibrils persist even after many switching cycles as
we checked with AFM. Furthermore, measurements of samples that have been per-
formed almost two years after sample preparation show the same fibril structures.
Thus it is safe to say that the fibrils are robust and that the samples can be stored
under ambient conditions.
One result of chapter 4 was that in P1 polymer samples the dodecyl side chains form
crystalline nanodomains via interdigitation. To check if the dodecyl side chains also
interdigitate in nanofibers of P1 oligomers we performed GIXD measurements on
thin films of P1 nanofibers. In order to increase the scattering volume, we used
samples with a higher nominal thickness for the X-ray measurements, that is, sam-
ples containing more oligomers than the samples that were studied with optical
spectroscopy. For the preparation of the samples with higher nominal thickness, a
Figure 6.2: AFM image and height profile of a sample with higher nominal thick-
ness.
drop of the 25 mg/mL solution was dispensed onto a resting substrate, that was
rotated with 1500 rpm after 5 s waiting time. Figure 6.2 displays an AFM image
of a sample with a higher nominal thickness. We find fiber structures with lengths
of up to 1 µm, a typical height of 10 nm and an apparent width of about 20 nm,
corresponding to a real width of around 4 nm. In comparison with AFM images
of samples with lower coverages, such as Figure 6.1a, the nanofibers in Figure 6.2
appear to be packed more densely on the silicon surface.
From the AFM image, we conclude that, indeed, the samples prepared by dispens-
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ing the solution onto a resting substrate have a higher nominal thickness (≈ 16 nm
instead of ≈ 3 nm) and also consist of nanofibers.
Figure 6.3 shows the scattered X-ray intensity plotted against the in-plane detector
angle 2θ. The peak between 21° and 22° can be attributed to the (110) in-plane
Bragg reflection of the dodecyl side chains, following the notation of n-alkane crys-
tals. From that, we conclude that the dodecyl side-chains can form crystalline
nanodomains in nanofibers of P1 oligomers, too.
Figure 6.3: (a) GIXD scan of a P1 oligomer sample. (b) Crystal lattice plains
corresponding to the (110) Bragg reflection.
It is possible to calculate a lower bound for the grain size L of a molecular crystal
using the Scherrer equation:
L = Kλ∆(2θ) cos θ (6.1)
where K is a dimensionless shape factor close to unity, λ is the wavelength of the
X-rays, ∆(2θ) is the FWHM of the Bragg reflection in radians after substracting the
instrumental broadening and θ is the Bragg angle. The instrumental resolution was
0.22° and the FWHM of the (110) Bragg reflection was 0.45°. Inserting these values
into eq. 6.1 gives a lower limit of the grain size in the direction of the (110) planes of
30 nm (± 3 nm). This indicates a stacking motif as illustrated in Figure 6.3b where
the oligomer backbones are rotated for about 56° with respect to the longitudinal
axis of the nanofibers. The (020) Bragg reflection, corresponding to lattice planes
normal to the oligomer backbones has not been found with GIXD, which also points
towards a very small grain size along the backbones of the oligomers.
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6.2.2 DRS as a tool to measure the isomerization kinetics
Differential reflectance spectroscopy (DRS) provides an easy and efficient way to
monitor in real time the conversion of E-azobenzene to Z -azobenzene in P1 thin
films. DRS measurements demonstrate that the azobenzene chromophores in the
thin film can be switched reversibly with UV light and visible light. Figure 6.4a
shows a 3D plot of the differential optical reflectance ∆R/R over time for different
photon energies. When the UV LED is switched on for the first time at t = 30 s,
the reflectance is increased in the energy range between 3.2 eV and 4.2 eV, while the
reflectance is decreased in the energy range between 2.5 eV and 3.2 eV (see Figure
2b). After the UV LED is switched off at t = 60 s, the reflectance returns back to
its initial value before the first UV-irradiation. We find an isosbestic point at 3.2
eV, which is characteristic for a transition between only two states.
Figure 6.4: (a) Reversible switching of an azobenzene nanofiber sample is apparent
from a 3D graph of the optical differential reflectance (DRS) during
three switching cycles. Cuts at fixed time as a function of the energy
yield DRS spectra (b) and cuts at 3.5 eV as a function of time (c) allow
for determination of the effective Z → E isomerization rate keff .
Figure 6.4c shows a cut through Figure 6.4a along the temporal axis at an energy
of 3.5 eV. It is possible to extract the photoisomerization kinetics of the azoben-
zene chromophores from the temporal evolution of the differential reflectance. In a
quantitative analysis which we perform later in this chapter, we will find out that
the DRS signal can not be fitted with a monoexponential function. In order to
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exclude that this unexpected behavior is caused by a nonlinear dependence of the
DRS signal on the photoisomerization kinetics, we have to analyse, how the DRS
signal and the photoisomerization kinetics are related.
Figure 6.5: (a) Simulated differential reflectance spectra during E → Z conversion
of P1 on silicon covered with a thin layer of native silicon oxide. (b)
Extinction coefficient k of the azobenzene oligomer film for different
fractions of Z -azobenzene in the film. (c) Relation between the DRS
signal and the fraction of Z-azobenzene in the film plotted for a photon
energy of 3.6 eV.
For thin films on non-transparent substrates such as silicon, the DRS signal ∆R/R
does not necessarily have a linear dependence on the fraction of Z-azobenzene in the
film. To find the relation between the DRS signal and the photoisomerization kinet-
ics we simulated the DRS signal of a P1 film on silicon covered with native oxide
using the transfer matrix method. [206]
Figure 6.5a shows the simulated DRS spectra. The extinction coefficient k of P1
both in the E- and in the Z -configuration was determined from absorption spec-
troscopy measurements in solution. The molar extinction coefficient in solution was
converted into the extinction coefficient in the film using the unit cell volume of
P1 polymers in thin films determined in ref. [207]. The anisotropic alignment of
the azobenzene chromophores in the fibrils was taken into account. Assuming that
E-azobenzene only absorbs light whose polarization vector lies in the plane marked
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by the two phenyl rings, one can calculate that for unpolarized light under normal
incidence the extinction coefficient of the lying-down azobenzene chromophores in
the fibrils is about twice as large as the extinction coefficient of azobenzene chro-
mophores that are isotropically distributed in solution. The spectral shape of the
refractive index n of E- and Z -P1 was calculated from k using the Kramers-Kronig
relation. Since the extinction coefficient of P1 was only known in a finite energy
interval between 2 eV and 6 eV, the refractive index n determined by the Kramers-
Kronig relation might have a small offset n∞ due to additional resonances at energies
above 6 eV. Also, within an effective medium approximation for the film consisting of
a mixture of azobenzene chromophores, alkyl chains and air between the aggregates,
we scaled the refractive index using a free parameter within physically reasonable
boundaries to reproduce the experimental DRS data. Both the offset n∞ and the
scaling factor of n were considered as free parameters within physically reasonable
boundaries and were tuned to reproduce the experimental DRS data. Furthermore,
a thin transparent adlayer (≈ 5 nm) modelling the silicon oxide interface was in-
cluded in the model for a fit of the DRS signal (The introduction or removal of
this adlayer had no influence on the linear relation between the DRS signal and the
fraction of Z -azobenzene, but improved the fit). The optical properties of mixtures
of E- and Z -P1 were linearly interpolated between the values of pure E-P1 and
pure Z -P1 (see Figure 6.5b). Figure 6.5c shows that around the pi − pi* absorption
band, the DRS signal has a linear dependence on the fraction of Z -azobenzene to a
good approximation:
∆R(λ)/R(λ) ∝ ∆Z. (6.2)
Note that ∆Z = Z, if all azobenzenes are initially in the thermodynamically stable
E-configuration. Strictly speaking, eq. (6.2) only holds for the case that the absorp-
tion of the two isomers does not shift during the isomerization reaction. In general,
this is not true in the solid state. The absorption spectrum of aggregated azobenzene
molecules can be strongly shifted with respect to the absorption spectrum of isolated
azobenzene due to excitonic coupling between the azobenzene chromophores. [24]
Since the aggregation type may change depending on the isomeric state of azoben-
zenes, one has to consider the effect that the absorbance of the two azobenzene
isomers AE(λ) and AZ(λ) may also depend on ∆Z. [119]
However, scaling all the curves in Figure 6.4b to the same amplitude shows that
the azobenzene absorption lines do not shift significantly during the isomerization
reaction. One possible explanation is, that pi-stacking of azobenzene chromophores
with azobenzene chromophores of adjacent oligomers may not be possible due to the
large dihedral angle between the azobenzene chromophores and the phenyl-rings on
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the one hand, and the long alkyl side chains on the other hand. Optical absorption
spectroscopy performed on multilayer films of long P1 polymers showed no signif-
icant shift of the absorption line in the solid state with respect to its position in
solution. [207] This also suggests, that there is no pi-stacking of azobenzene chro-
mophores in thin films of P1.
The above given equation 6.2 allows one to fit the real time DRS data analyti-
cally using rate equations that describe the fraction of E- and Z -azobenzene in
the film. By comparing the simulated DRS signal with our experimental data, we
can also give a rough estimate of how many azobenzene chromophores within the
film are switched. According to simulations of the DRS signal using realistic values
of the geometry, packing densities and the optical constants of azobenzene in P1
nanofibers that have been obtained as described earlier, about 70% (+20%/-30%)
of the azobenzenes must switch from E to Z to cause a DRS signal of ∆R/R ≈ 12%.
Thus, we can roughly estimate that about 70% of the azobenzene chromophores are
switched from E to Z upon UV-irradiation of the sample with an intensity of 110
mW/cm2.
Figure 6.6: Direct comparison of real-time DRS at 25°C, 120°C and 180°C during
a single switching cycle.
6.2.3 Cooperative switching
In the following, we discuss the dependence of the effective isomerization rate keff ,
that is, the slope of the time-dependent Z -azobenzene fraction, on temperature and
light-intensity. We performed DRS at three different temperatures to investigate the
temperature dependence of the cooperative switching behavior. Figure 6.6 shows
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Figure 6.7: (a) Arrhenius plot of the rate of the Z → E photoisomerization re-
action, measured at three different temperatures, starting from the
same level of Z -azobenzene fraction. The thermal behavior we find
is in clear contradiction to the behavior of isolated azobenzenes that
switch faster at higher temperatures. (b) Dependency of the Z → E
photoisomerization rate on the fraction of Z -azobenzene in the film,
plotted for three different temperatures (dotted lines as guides to the
eye), showing that the isomerization rate also depends on the fraction
of Z -azobenzene.
measurements of the differential reflectance during one switching cycle, using the
same UV LED intensity at 25°C, 120°C and 180°C. All measurements were done
for the same P1 oligomer thin film and performed on the same sample spot. After
heating up the sample with a heating stage, we waited for 1 h for the sample to
equilibrate its temperature. Note that at higher temperatures more azobenzenes
are switched from E to Z under the same irradiation conditions, as indicated by the
higher photostationary level. This also shows, that the Arrhenius type behavior of
the thermal backswitching is not the dominant thermal effect here. Analyzing the
kinetics we find that the azobenzene chromophores in the nanofibers do not switch
independently but exhibit cooperativity and non-Arrhenius-type thermal switching
behavior. The first indication is shown in Figure 6.7a. Plotted is the measured
effective isomerization rate keff which encompasses contributions from the thermal





in Figure 6.4c). We find that the effective Z → E photoisomerization rate start-
ing from the same fraction of Z -azobenzene decreases with increasing temperature.
This behavior is diametrically opposed to the behavior of independently switching
azobenzenes, for which the thermal back-reaction across an energetic barrier on the
order of 1 eV [208] would lead to an increasing keff with higher temperatures. The
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dotted line in Figure 3a shows the typical Arrhenius behavior for this thermal pro-
cess. Also, the light-induced isomerization rate has been found to be temperature
dependent due to free volume effects which would again lead to faster keff at higher
temperatures. [209] In addition to real-time measurements at different temperatures,
we also measured the rate of the Z → E isomerization as a function of the fraction
of Z -azobenzene in the nanofibers. Figure 6.7b shows the effective Z → E isomer-
ization rate as a function of the starting level of Z -azobenzene, plotted for three
different temperatures. Importantly, the effective Z → E photoisomerization rate
does not only depend anomalously on temperature but also on the fraction of Z -
azobenzene in the nanofibers. This dependency of the kinetics of a single azobenzene
unit on the isomeric state of the environment directly shows, that the azobenzenes
in the nanofibers do not switch independently but cooperatively.
Simulations of the cooperativity
For a quantitative understanding of the cooperativity, we use a phenomenologi-
cal model to fit the isomerization kinetics. The real-time kinetics of back-switching
from different fractions of Z -azobenzene and the extracted Z -dependent keff that
have been used for the fitting are shown in Figure 6.8a and b, respectively. Plotted
in Figure 6.8a is the fraction of Z -azobenzene corresponding to the differential re-
flectance during several cycles of alternating irradiation with white light (from the
Xe-lamp) and white light + UV light of varying intensities. When the dark sample
gets exposed to white probe-light of the Xe-lamp, the Z -fraction increases to its pho-
tostationary state, and further UV-light from the LED (I = 110, 40, 17, 7 and 1.7
mW/cm2 in the range 360 - 370 nm) increases the Z -fraction to intensity dependent
photostationary levels. After the UV LED is switched off, the Z -fraction returns
back to the level corresponding to exclusive irradiation with Xe-light. For indepen-
dent azobenzene chromophores, the effective rate of the Z → E back-isomerization
keffZE only depends on the spectrum of the Xe-lamp and the temperature and thus
would be the same for all switching cycles shown in Figure 6.8a. However, our
real-time measurements during several switching cycles with different UV light in-
tensities show that the effective Z → E isomerization rate keffZE , as measured right
after the UV LED is switched off, is faster in those switching cycles where a higher
optical output power of the UV LED was used to induce E → Z isomerization.
The dependency of the backswitching rate on the Z -fraction cannot be described
with the simple rate equation for isolated azobenzene moieties (eq. 6.3), because
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Figure 6.8: (a) Differential reflectance at 3.5 eV during several cycles of alternating
irradiation with white light + UV light of varying intensities and white
light. (b) Experimentally determined Z → E isomerization rates at
different photostationary levels together with a simulation including
cooperativity (red curve). (c) ∆R/R plotted over time together with




its solution is a monoexponential function with the Z -independent rate constant
keff = kEZ + kZE.
dZ
dt
= kEZ · E − kZE · Z. (6.3)
Here, E and Z denote the fraction of E- and Z -azobenzene, kEZ denotes the rates of
light-induced E → Z isomerization having contributions from both the UV-part of
the Xe-lamp spectrum and the UV LED, and kZE denotes the Z → E isomerization
rate of azobenzenes having both thermal contributions and contributions from the
Xe-lamp. A simple modification to the rate equation (6.3) is to include a linear
Z -dependency of the rates. We find, that a modification of the E → Z isomeriza-
tion rate alone cannot explain the observed switching behavior, however, both the
kinetics and the photostationary levels of the real-time data can be fitted, when
modifying the back-switching rate as follows
kZE(Z) = c · Z. (6.4)
Inserting eq. (6.4) into eq. (6.3) introduces cooperative behavior into the rate
equation model, that is, the Z → E isomerization is faster when there is a higher
Z -azobenzene fraction in the film (see Figure 6.8b). Also the shape of the real-time
kinetic data is reproduced well in contrast to a monoexponential fit (see Figure
6.8c). Note that we did not introduce additional model parameters, even though a
refined model could include, e.g., a further offset parameter to achieve a finite rate
at Z = 0. In summary, we only need three parameters for the fits to our real-time
data: kEZ , c and a scaling parameter that scales Z to the DRS signal (Z / (∆R/R)
≈ 4). The red line in Figure 6.8b results from a fit of the solution of our modified
rate equation to the experimental real-time data in E → Z switching direction for
five different UV-intensities and for five corresponding Z → E switching processes.
The parameters c and kEZ were fitted, yielding
c = 0.105 s−1 (6.5)
and
kEZ = 0.0125 s−1 + 0.0072 s−1 · IUV−LEDmW cm2 , (6.6)
where IUV−LED denotes the intensity of the UV-LED in mW/cm2.
For IUV−LED = 0, the remaining E → Z photoisomerization rate kEZ = 0.0125 has
purely contributions from the probe light of the Xe-lamp. The good agreement of our
simulation model with the measured cooperative kinetics indicates, that the linear
Z -dependence of the Z → E isomerization rate, indeed, is a good approximation.
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Figure 6.9 shows fits to the DRS data based on the modified rate equation.
Figure 6.9: Real-time DRS data during irradiation with UV-light (left) and visible
light (right). Shown are five cycles of alternating irradiation with UV-
light and visible light corresponding to five different intensities of the
UV-LED. The red lines are analytical fits based on our modified rate
equation model.
6.2.4 Discussion
Based on the findings of a Z -dependent Z → E isomerization rate in nanofibers, we
now discuss the origin of cooperativity, in particular, inter- and intramolecular in-
teractions of the azobenzene chromophores. Theoretically, electrostatic interactions
of the oligomers with the SiO2 surface might also play a role. However, it is reason-
able to assume that the interaction between the long nonpolar alkyl sidechains and
the SiO2 surface is not the dominant effect, here. Isolated azobenzene derivatives
have been shown to exhibit cooperative switching behavior in solution due to pi-
pi-stacking or electronic coupling between azobenzene moieties. [31,122] However, in
the case of the rigid rod polymer P1, the azobenzene chromophores are electroni-
cally decoupled.
In an earlier study by Bléger et al., no signs of cooperative switching have been
found for isolated P1-type molecules. [126] They studied the switching kinetics of
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P1-type molecules dissolved in cyclohexane (≈ 10-5 mol/L). In such an extremely
diluted solution, no supramolecular aggregates are formed. For comparison, our
nanofiber samples were prepared from a solution with a much higher concentration
of about 5·10-2 mol/L, whose high absorbance made spectroscopic measurements
in solution difficult. In this earlier study, the isolated P1-type molecules exhibited
Arrhenius-typical thermal behavior and their switching kinetics followed a mono-
exponential function and thus did not depend on the fraction of Z -azobenzene. In
Figure 6.10: Illustration how E → Z isomerization of azobenzene might lead to
strained alkyl side-chains.
contrast, intermolecular coupling as well as intramolecular coupling of P1 azoben-
zenes in nanofibers is possible, either via dipole-dipole interactions or via strain.
In the Z -configuration, azobenzene has a static dipole moment of about 3 Debye
while azobenzene in the E-configuration has a dipole moment near zero. [40] Strong
static dipole moments due to a large fraction of Z -azobenzene in the nanofibers
could influence the back-switching kinetics of Z -azobenzene. Also, a larger frac-
tion of Z -azobenzene within the sample corresponding to more twisted oligomers
may cause strain in the environment due to the altered alkyl chain spacing along
the polymeric chain (see Figure 6.10). It is well known that mechanical strain can
influence the isomerization kinetics of azobenzene. [210] Tamaoki et al. demon-
strated that for bridged bis-azobenzenes, the Z → E isomerization is accelerated by
orders of magnitude if the Z -isomer is strained. [211] Turansky et al. performed
simulations of the photoinduced Z → E isomerization of stretched azobenzene
and found, that mechanical stretching favors the photoinduced Z → E isomer-
ization. [212, 213] At temperatures above 120-150°C, roughly corresponding to the
melting temperature of polyethylene, the ordered alkyl side-chain domains involve
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more gauche-defects [214], thereby decreasing the intermolecular interaction strength
of azobenzene chromophores of different oligomers. This could weaken the coupling
via side-chain mediated strain and thereby suppress the positive cooperativity.
6.3 Conclusion
In this work, we showed that azobenzene oligomers form nanofibers with well-defined
dimensions and shapes, having lengths of 1-2 µm, a typical width of around 4 nm and
a height of about 4 nm. Whereas the azobenzene units in isolated molecules switch
independently [126,128], the azobenzene units in the nanofibers are coupled via in-
termolecular interactions and switch cooperatively as evidenced by unusual thermal
and kinetic behavior: first, in contrast to the common Arrhenius-type behavior of
isolated molecular switches, the isomerization rate of azobenzenes in the nanofibers
is faster at lower temperatures. We attribute this to the temperature dependency of
the intermolecular coupling strength of the azobenzene chromophores via side-chain
mediated strain. Second, the Z → E isomerization rate depends approximately
linearly on the fraction of Z -azobenzene within the film. To our knowledge, this
is the first demonstration that multi-azobenzene compounds can self-assemble into
photoresponsive nanofibers that are stable on surfaces. Our findings are important
for next-generation optomechanics and sensing devices based on arrays of molec-
ular switches, as they show that it is possible to significantly accelerate the pho-
toisomerization reaction of azobenzene by leveraging cooperativity of mechanically
interlocked molecular switches. In future studies, coupled azobenzene polymers of
type P1 could be integrated into multicomponent molecular systems that utilize
cooperativity to fulfil useful tasks above the molecular scale, e.g., nanofibers that
can be reversibly contracted and expanded with light, or nano-robotic arms that
bend upon UV-irradiation.
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7 Summary: From functional
molecules to functional materials -
translating molecular processes
into the macroscopic world
This chapter gives a summary of the experiments presented in this thesis as well as
their main results. In this thesis, a combination of structural (XRD and AFM) and
spectroscopic (DRS) real-time techniques has been used to study physical processes
at the molecular scale in photoresponsive materials to find out how the (supra-)-
molecular structure and the photoresponse of the materials are related.
7.1 Light-controlled molecular zippers based on
azobenzene main-chain polymers
The development of artificial mechanical machines and molecular motors operating
at the nanoscale is one of the most important goals of contemporary nanoscience.
The integration of photochromic molecular switches into hierarchical assemblies,
e.g., into layered thin films or 3D nanostructures, will make it possible to construct
smart and dynamic materials, that is, materials with switchable properties. Azoben-
zene, probably the most extensively studied molecular switch, can be switched from
the thermally stable planar E-isomer (E) to the metastable 3D Z -isomer (Z ) via
irradiation with UV-light. The back-reaction from Z to E proceeds via thermal
relaxation or can be induced by irradiation with blue light. A large variety of pho-
tomechanical responses has been found for polymers with azobenzene chromophores
in the side chains. Many application ideas demand that light-induced collective or
cooperative motions of azobenzenes at a molecular level can be amplified to macro-
scopic scales, often via a photoinduced phase transition within the polymer film.
Many of the photoresponsive systems that have been investigated during the last
decades incorporated azobenzene polymers with azobenzenes in the side chains. The
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molecular structure of these liquid crystalline materials can be switched by a light-
induced modification of the intermolecular interaction. More recently, a number of
azobenzene polymers with azobenzene units incorporated in the polymeric backbone
have been developed. They have the potential to give a more direct optical control
over the molecular structure. Recently, Bléger et al. designed rigid rod polymers
with electronically decoupled azobenzenes in the main chain and dodecyl side chains.
It has already been shown that this molecular design enables a maximized photode-
formation in solution and for crawling motion on surfaces. The rigid-rod polymer
P1 incorporates azobenzene chromophores in a poly(para-phenylene) backbone with
two dodecyl side chains per repeat unit (see Figure 7.1). The azobenzene polymers
Figure 7.1: The multi-azobenzene compound P1 converts light into mechanical
work.
can be switched from a thermodynamically stable linear and elongated conforma-
tion, where the azobenzenes are in the E-configuration to a compact and kinked
conformation with azobenzenes in the Z -configuration.
• First result: Molecular zippers formed by azobenzene-main chain polymers with
alkyl side chains (P1) can be opened and closed with light.
In this thesis, a detailed study of the switching mechanism of P1-polymer thin films
has been performed.
AFM images of the main chain azobenzene polymer films show a homogeneous sam-
ple morphology, characterized by large islands with diameters > 1 µm and several
clearly distinguishable layers. The molecular structure of the film has been investi-
gated with grazing incidence X-ray diffraction (GIXD). We find that the alkyl side
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chains of the azobenzene polymers adopt the thin film crystal structure of n-alkanes.
This crystal structure involves interdigitation of the alkyl side chains, thereby lead-
ing to a ’molecular zipper’ structure.
• Second result: Photoisomerization of a small fraction of azobenzene chro-
mophores occuring within seconds triggers a complete amorphization of the
layered thin film that occurs on the timescale of several minutes.
Figure 7.2: Light-induced E → Z isomerization of azobenzene chromophores in
the polymer main chain disrupts the coherent ordering of dodecyl side
chains.
Using real-time GIXD during irradiation with visible and UV light, we show that
it is possible to switch the P1 thin films reversibly between a highly ordered state
involving interdigitating dodecyl side chains (closed zippers) and a significantly less
ordered state with disordered side chains (open zippers). This is the first demon-
stration of a rigid main chain polymer-based molecular zipper undergoing reversible
light-controlled opening and closing. Based on optical spectroscopy data, we esti-
mate that about 20 % of the azobenzenes in the thin film can be switched. We
conclude that the photoinduced structural transition is indeed triggered by the
photoisomerization of azobenzene chromophores (see Figure 7.2). A comparison
of the switching kinetics as monitored with GIXD and DRS yielded that the struc-
tural transition is about 12 times slower than the ensemble isomerization kinetics
of the azobenzene chromophores. Thus, the amorphization occurs on a much larger
timescale (τ = 90 s), determined by structural and topological constraints. It is
a remarkable result that fast E → Z isomerization (τ = 5 s) of a small fraction
(≈ 20 %) of all azobenzene chromophores within the polymer film is sufficient to
disrupt the long range ordering of the protruding dodecyl side chains and to induce
amorphization of the film. Our findings of a delay between azobenzene switching
and the structural effects are important for optomechanically active or self-healing
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materials that make use of a reversible light-controlled phase transition. Our results
have been published in 2015 in Macromolecules. [207]
7.2 Switching in molecular crystals
In chapter 5, we studied the photoisomerization of azobenzene trimers in highly
crystalline environments. Short azobenzene trimers with alkyl side chains (T1)
form crystalline thin films exhibiting long-range coherent order as found with XRR
and GIXD. We determined the unit cell of the molecular crystal with GIXD and
XRR.
• Third result: In highly crystalline thin films, cooperative switching behavior
can trigger a cascadic structural phase transitions.
Using a combination of real-time DRS and real-time GIXD, we monitored the pho-
toresponse both of the azobenzene chromophores and of the molecular crystal. Fol-
lowing UV-irradiation of the sample, DRS shows the coexistence of two photoin-
duced processes with very different time constants (τ1=4 s and τ2= 150 s). The
time constant of the slower process (≈ 150 s) is of the same order as the photore-
sponse of the molecular crystal as measured with real-time GIXD (≈ 220 s). A
cascadic scenario could explain all of our findings (see 7.3): The photoisomerization
starts at the surface of the molecular crystal, thereby introducing disorder in the
adjacent regions deeper in the molecular crystal. The increasing disorder generates
additional free volume for the azobenzene chromophores in these regions and enables
them to switch from E to Z. In this way, the time constant of the structural phase
transition from a crystalline to a disordered phase is of the same order as the slower
time constant as measured with optical spectroscopy.
This highly cooperative, cascadic behavior is an important aspect of a wide range
of crystalline materials incorporating molecular switches and azobenzene in par-
ticular. The azobenzene E → Z isomerization requires a critical free volume to
occur. The reaction from the elongated E-isomer to the more compact Z-isomer
creates additional free volume in certain parts of the environment, enabling more
E-azobenzenes to isomerize. Our main finding, that in crystalline photoresponsive
materials the photoisomerization process of the single molecular switches and the
structural photoresponse of the material can be interdependent, is therefore im-
portant for many future supramolecular devices and machines that use azobenzene
derivatives in crystalline environments.
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Figure 7.3: Disorder, generated by photoisomerization at the crystal surface,
spreads through an azobenzene trimer crystal and enables more
azobenzenes to switch.
7.3 Cooperative switching in nanofibers of
azobenzene oligomers
In the following chapter 6, we moved from 2D thin film structures on to linear
supramolecular aggregates and looked into the switching process of multiazoben-
zene compounds integrated into nanofibers. The arrangement of photoresponsive
molecules to larger supramolecular aggregates that convert the randomly oriented
photoresponse of single molecules into a directed photoresponse at the meso- or
macroscale is a crucial step towards the development of future artificial muscles
based on multi-azobenzene compounds.
• 4th result: Shorter P1 oligomers form robust nanofibers in solution. After
deposition onto surfaces, the azobenzenes in the nanofibers can still be switched
reversibly with high efficiency and reproducibility.
Moreover, the interaction between mechanically interlocked molecular switches in
supramolecular aggregates can lead to emergent behavior, e.g., cooperative switch-
ing. Whereas cooperativity can suppress the photoresponse in some cases, coopera-
tivity could ideally also be used to couple the switching process of single molecular
switches and to amplify the response of (supra-)molecular devices and machines.
In this thesis, we performed a quantitative analysis of the cooperative switching
behavior on the example of fibrils of shorter P1 oligomers on SiO2.
• 5th result: In nanofibers, azobenzene chromophores switch cooperatively as in-
dicated by the fact that the Z → E isomerization rate depends on the fraction
of Z-azobenzene in the microenvironment.
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Figure 7.4: AFM image showing nanofibers consisting of P1 oligomers (left) and a
sketch showing how side-chain mediated strain can lead to cooperative
switching (right).
With AFM, we observed that azobenzene oligomers form well defined nanofibers
in solution, with lengths of 1-2 µm, a typical width of 30 nm and a height of about
4 nm. Deposited on SiO2 substrates via spin-coating the nanofibers tend to align
parallel with respect to each other. Upon irradiation with UV or visible light,
the azobenzene chromophores within the nanofibers can be switched reversibly and
the nanofibers may move or bend as observed with AFM performed before and
after switching. This is the first demonstration that photoresponsive nanofibers
consisting of multi-azobenzene compounds can be used for the efficient conversion
of light into mechanical work, e.g., in artificial muscle strands. By monitoring the
ensemble kinetics of the Z → E isomerization with real-time DRS, we find that
the isomerization of the azobenzene chromophores is cooperative since the Z → E
isomerization rate depends on the fraction of Z -azobenzene within the film. As a
result, the light-driven isomerization from the compact Z -isomer to the stretched
E-isomer is significantly accelerated in comparison with isolated azobenzenes (up to
a factor of 4). We also find that the cooperativity decreases at temperatures above
the melting temperature of the alkyl side-chains. Thus, we attribute the emergent
cooperative behavior to side-chain mediated strain generated by the isomerization
of adjacent azobenzene chromophores. This result is important for applications in
optomechanics, e.g., for artificial muscles, as it shows that by utilizing cooperativity
it is possible to significantly increase the mechanical power that can be generated
by light within a certain timeframe in arrays of molecular switches. An article with
our findings has been submitted recently.
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8.1 Self-assembled monolayers (SAMs) on Si(111)
In addition to our studies of molecular switches in thin films and nanostructures,
we also performed some X-ray scattering on self-assembled monolayers (SAMs) on
Si(111) surfaces. The SAMs we studied are used to attach molecular switches via
click-chemistry to silicon surfaces. The structure and, in particular, the packing
density of the underlying linker SAM is crucial for the functionality of the photore-
sponsive system. In detail, we compared three different samples. In the first sample,
the Si(111) surface is passivated with a layer of hydrogen. In the second sample, an
Alkin-SAM is attached to the Si(111) surface. And in the third sample, molecular
switches (fulgimides) are attached to the Si(111) surface via the Alkin-SAM.
Figure 8.1: X-ray reflectivity of three different Si(111) samples. One is passivated
with hydrogen (Si-H), one is covered with an Alkin-SAM and one is
functionalized with molecular switches (Si-Fulgimid)
Figure 8.1 displays the X-ray reflectivity of all three samples (y-axis shifted for
clarity). The XRR curve of the hydrogenated surface shows no significant features
beyond the total reflection edge. The reflectivity of the alkin-sample, however, ex-
hibits a local minimum at about qz = 0.25 Å-1, indicating a thin layer on top of the
Si(111) substrate. The thickness of the adlayer d can be estimated via the formula
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d = pi
qminz
, where qminz denotes the position (in Å-1) of the first local minimum in the
XRR scan. The exact thickness of the adlayer can be determined via a fit using
Parratt’s formalism (the continuous lines in Figure 8.1). This fit gives a thickness
of 11.5 Å± 1 Å, a roughness of 4 Å and an electron density of 0.32 e-/Å3. We also
know that a single alkin molecule has 69 electrons. From this, we can calculate the
area per alkin-molecule to be about 19 Å2, which corresponds to about 5.3 · 1014
molecules/cm2 or a Si-bond coverage of 68 ± 5 %, respectively. A Si-bond coverage
above 50 % can be considered very high. A coverage of 68 % is close to the maximal
theoretically possible coverage. One explanation for the extremely dense packing of
the alkin molecules is that the anchor group of an alkin is significantly smaller than
the anchor group of an alkyl-chain due to the carbon double bond. This allows alkin
molecules to attach more molecules per cm2 to the Si(111) surface.
The upmost curve in Figure 8.1 displays the XRR of an alkin SAM that is func-
tionalized with molecular switches (fulgimides). The first local minimum is shifted
to smaller values of qz, indicating a higher thickness of the adlayer. A Parratt fit
gives a total thickness of 17.2 ± 2 Å, a roughness of 3.2 Å, and an electron density
for the additional fulgimide layer of 0.22 e-/Å3. From this, we can calculate that, in
average, the coverage of fulgimides on top of the alkin layer is about 14 %, that is,
a switch is attached to every 7’th alkin molecule.
Figure 8.2: Electron density distribution of the three different samples, as obtained
from Parratt fits to the XRR.
Figure 8.2 shows the electron density distributions of the three Si(111) samples,
as determined from Parratt fits to the XRR curves. Whereas the alkin layer on
the Si(111) substrate was fitted using a two box model, the fulgimide-functionalized
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SAM is fitted using a three box model in which the values of the pure alkin layer
have been re-used.
8.2 Switching SAMs on Si(111)
Figure 8.3: The molecular switch Dihydrazulene (DHA) can be attached to Si(111)
surfaces via an acid-terminated linker SAM. Upon UV-irradiation,
DHA can be switched to Vinylheptafulvene (VHF).
In addition to investigations of the SAM structure, we also performed in situ XRD
on SAMs functionalized with molecular switches during switching. Here, we present
a study of a Dihydrazulene (DHA) SAM on Si(111). The molecular switch Dihy-
droazulene/Vinylheptafulvene can be switched reversible via a ring opening/closing
reaction between two stable isomers. Upon UV-irradiation, the stretched out DHA
can be switched to the tilted Vinylheptafulvene (VHF) as shown in Figure 8.3. The
backreaction can only be induced thermally. The molecular switches have been
attached to the Si(111) surface via an acid-terminated alkyl linker SAM.
The thickness, electron density and surface coverage of DHA SAMs on Si(111)
were determined with XRR. Figure 8.4 shows the true specular XRR curve of a
freshly prepared DHA SAM on Si(111) as a function of momentum transfer qz =
4pi/λ sin θ, with θ being the angle of incidence. The occurrence of a local minimum
at qz = 0.12 Å-1 indicates a 2 - 3 nm thick adsorbed layer on top of the Si(111)
surface. A Parratt fit using a stratified homogeneous media approach gives a film
thickness of 25 ± 1 Å, a mean-square roughness of 5.7 ± 0.5 Å and an electron
density of 0.41 ± 0.03 e-/Å3. The electron density distribution, obtained from the
fit, is plotted in the inset of Figure 8.4. Our XRR-measurements of the bare linker-
SAM without DHA attached gave an electron density of about 0.30 e-/ Å3 and a
thickness of 14 ± 1 Åfor the linker-SAM, corresponding to an area of 24 ± 2 Å2
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Figure 8.4: X-ray reflectivity of a DHA-SAM on Si(111). The inset shows the
electron density profile as given by the Parratt fit. The measurement
was performed at 70°C to exclude nano-scale water adsorbation. The
fit parameters suggest that DHA is attached to 51 (± 5)% of all alkyl-
chains.
per linker-molecule. [215] Thus, the attachment of DHA leads to a higher electron
density and a larger film thickness. It is possible to calculate the area per DHA






Here, nDHAe denotes the number of electrons per DHA molecule, dDHA is the addi-
tional thickness contribution and ρDHAe is the additional electron density contribu-
tion caused by the attachment of DHA on top of the linker-SAM. This gives an area
of 12 ± 1 Å2 per DHA molecule, meaning that a DHA molecule is attached to every
other alkyl-chain.
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In addition to structural investigations, we managed to detect reversible, light-
induced switching of DHA-SAMs with XRR. Figure 8.5 shows the XRR, plotted for
alternating irradiation with UV-light and visible light, close to the local minimum
at qz = 0.12 Å-1, where the XRR signal is very sensitive to small changes in the
film thickness, since the film thickness is directly connected to the position of the
minimum. While 60 min of irradiation with UV-light leads to an increase of the
XRR signal at qz = 0.12 Å-1, irradiation with visible light brings back the initial
XRR intensity. Both irradiation with UV-light and with visible light lead only to
Figure 8.5: Optically induced switching monitored with X-ray reflectivity. Plotted
is the reflectivity in the region close to the first minimum (average over
three adjoining points to improve statistics), where the sensitivity for
the switching process is best (see inset in the upper right). Arrows
indicate illumination with UV-light (365 nm, 80 mW/cm2). Measure-
ments number 2, 4 and 6 were taken after 4 h illumination with UV-
light, while measurements 1, 3 and 5 were performed after leaving the
sample for about 20 h each time in the dark. All measurements were
performed at 110°C to exclude water-related effects.
a negligible change of sample temperature ( < 2°C). We performed three switching
cycles to check if the light-induced changes were reversible and reproducible. The
inset in Figure 8.5 shows the section of the XRR around the first minimum before
and after irradiation with UV-light. One can clearly see that UV-irradiation causes
a shift of the minimum to higher qz values, corresponding to a decrease in film
thickness.
To estimate the absolute change in film thickness and interface roughness, we
plotted the relative difference of XRR before and after irradiation with UV-light
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Figure 8.6: Experimental data and simulation of the normed difference between
the XRR before and after illumination with UV light. The best fit
suggests that the average SAM thickness is decreased for about 0.2 Å
upon UV-irradiation while the mean-square roughness of the SAM-air
interface increases for about 0.1 Å.
(Figure 8.6). Here, one can see that the biggest deviation indeed occurs around
the first minimum at qz = 0.12 Å-1. Starting from the Parratt Fit parameters of
the XRR from the not-irradiated sample, we were able to get a reasonable fit to the
data. The best fit suggests a UV-light induced decrease of the film thickness of about
0.2 Å and an increase of the interface roughness on top of the SAM of about 0.1 Å.
These rather small geometrical change of the SAM, compared with the expected
conformational change of a single DHA molecule upon isomerization, indicates that,
at a sample temperature of 110°C, only a fraction of the DHA molecules are switched
to VHF.
8.3 Chain-length dependent growth dynamics of
n-alkanes
All of the molecular systems that are investigated in this thesis incorporate alkyl
side-chains, which play an important role for the photoresponse of the (nano-)materials.
Therefore, it is also useful to study the molecular packing and crystallization of n-
alkanes.
In what follows, we present a comparative real-time and in situ study of the thin
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film growth of the three n-alkanes C36H74,C40H82 and C44H90 on SiO2. We show that
in the case of n-alkanes on SiO2, a smaller interlayer-transport leads to a greater
roughness of the final film. Films consisting of longer molecules exhibit faster rough-
ening in multilayer growth. While all three films mainly consist of upright standing
molecules (σ-orientation), a chain-length dependent amount of lying-down molecules
(λ-orientation) is found within the upper region of each film. This result has also
some technological relevance, because smooth thin films of long n-alkanes can be
used as passivation layers in organic field effect transistors, where they significantly
improve the transport and mobility of charge carriers. [216]
Experiments in the past have shown that even minimal changes of the chain-length
of n-alkanes can lead to large changes of molecular orientation and completely dif-
ferent thermodynamic behavior. While in the regime of shorter n-alkanes (carbon
number n ≤ 22), it has been observed that molecules with fewer carbon atoms form
a more disordered molecular structure, less is known about the multilayer ordering
behavior of n-alkanes with medium length (36 ≤ n ≤ 50). Parameters such as the
persistence length and the intramolecular degrees of freedom of the molecules are
supposed to play a major role in the film growth process of longer and thus more
flexible n-alkanes. [217,218] We use three different n-alkanes (CnH2n+2 := Cn) shown
in Figure 8.7a, with even carbon numbers, namely n-hexatriacontane (C36H74), n-
tetracontane (C40H82) and n-tetratetracontane (C44H90) to study the influence of
chain-length on molecular growth and thin film structure.
While the system has been studied as a model for wetting and dewetting, we empha-
size that growth is a kinetic process with a multitude of physical processes happening
at the same time. In this case, we are particularly interested in the role of interlayer-
transport of molecules. Interlayer-transport denotes the process of molecules hop-
ping from one layer into the next lower layer during organic thin film growth (see
Figure 8.7c). This process can either be governed by the diffusivity of molecules or by
the height of the energy barrier that molecules have to overcome when hopping from
one into another layer (Ehrlich-Schwoebel barrier, [219–221] Figure 8.7b). Optical
and X-ray real-time methods are particularly suited to monitor the growth dynamics
such as transitions in growth mode, interlayer-transport and roughening, since the
growth of organic thin films usually is a non-equilibrium process. [222–226] After
the growth process has stopped, many organic systems undergo structural changes,
for example dewetting. [227,228]
In the last two decades, organic molecular beam deposition (OMBD) has proven to
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Figure 8.7: (a) Atomic structure of n-tetratetracontane (C44), n-tetracontane
(C40) and n-hexatriacontane (C36). (b) Sketch of the Ehrlich-
Schwoebel barrier for the case of a single molecule diffusing across
a layer of upright standing molecules. ∆EDiff denotes the diffusion
barrier that molecules have to overcome when moving from one spot
to another spot nearby within the same layer, ∆EB marks the step-
edge barrier that molecules have to overcome when diffusing from one
layer into the next lower layer. The Ehrlich-Schwoebel barrier is then
defined as the difference ∆EES = ∆EB-∆EDiff. (c) Illustration of the
growth process. θ1, θ2 and θ3 denote the layer coverage of the first, the
second and the third layer. ξ2 denotes the feeding zone of the second
layer, and ν1 describes the downhill-transport of molecules from the
second into the first layer.
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be a attractive technique to produce high crystalline thin films of organic molecules
on surfaces [229]. But the process is still far from being completely understood. The
process of depositing molecules on surfaces is a very complex one with several events
and effects occurring at the same time. A big difference compared to single atom
growth is the finite size of the molecules and the resulting additional orientational
degrees of freedom which makes it more difficult to describe the nucleation process.
The main processes happening during organic thin film growth are (see also fig. 8.8):
1. Adsorption - as the evaporated molecules reach the substrate they condense
on the surface and are therefore able to interact with neighboring molecules.
2. Nucleation - molecular nucleation is particularly driven by Van-der-Waals
forces interacting between molecules and starts at energetically favorable sites
such as step edges or defects within the substrate surface. There is a critical
cluster or island size that has to be reached before crystallization takes place.
That means islands remain unstable to dissociation until they reach that criti-
cal size. Depending on the investigated system and the deposition parameters,
a dendritic or a more compact island shape might be favored [230].
3. Intralayer-diffusion - Surface diffusion is a random-walk like process that
involves the motion of molecules at solid material surfaces. One has to dis-
tinguish between hetero-diffusion and self-diffusion. While hetero-diffusion
describes the movement of molecules directly on the substrate, self-diffusion is
the process of molecules moving on top of other molecules. Another distinc-
tion can be made between intra-layer and inter-layer diffusion, describing the
molecular transport within one layer or from one to another layer respectively.
The diffusivity can be quantified by a surface diffusion length λD.
4. Desorption - some molecules have enough kinetic energy to overcome the
energy barrier that holds them on the surface. From a certain temperature
on, the desorption process dominates the adsorption process.
For most technical applications, layer-by-layer growth is the desired growth mode
as it provides the smoothest and most homogeneous films. But in reality most or-
ganic systems exhibit the layer-plus-island growth mode.
Film growth and real-time scattering
The molecules were evaporated from a Knudsen cell attached above the sub-
strate. [231] The growth rate was set to 10 Å/min as monitored by a crystal quartz
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Figure 8.8: Effects occurring during molecular beam deposition (picture taken
from ref [229])
microbalance. In the case of C44 the growth rate of the first two monolayers dropped
temporarily below 3 Å/min, but during the growth of the second monolayer it was
increased and stabilized to 10 Å/min again. The substrate temperature was mea-
sured at two spots inside and outside the sample holder and was set to 34°C (average
of temperatures at both spots). The real-time X-ray reflectivity measurements were
performed using a portable UHV chamber [232] at the BESSY II synchrotron source
at the energy-dispersive reflectivity (EDR) beamline. [233] The technique of energy
dispersive detection makes it possible to measure the X-ray reflectivity within a
wide q-range without moving the sample and can thus provide good temporal reso-
lution. [234,235] The white synchrotron X-ray beam (5 to 30 keV) was reflected on
the sample and detected by an energy dispersive Roentec Xflash 1000 detector that
provided an energy resolution of about 200 eV. The time-resolution of about 30 s
was limited by the intensity of the scattered signal needed for a signal-to-noise ratio
of > 100. The angle of incidence was set to 0.386°. At this fixed angle of incidence
the monolayer-Bragg reflection (002) of C36 can be found at a photon energy of 19.6
keV, while in the case of C40, the (002)-Bragg reflection appears at 17.7 keV and for
C44 at 16.2 keV. In this way it was possible to use simultaneously photon energies
between 8 and 20 keV that provided the highest flux to monitor the region between
the monolayer-Anti-Bragg point and the monolayer-Bragg-point in the reciprocal
space.
In order to measure a wide energy interval of reflected X-rays with a single X-ray de-
tector simultaneously, we had to adapt the energy spectrum and the intensity of the
incoming beam by attenuators made of aluminum. [233] The reflectivity data was
normalized for each set of absorbers with the corresponding spectrum of the direct
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beam. After the real-time runs the samples were checked for X-ray beam damage by
comparing the reflectivity at pristine and exposed spots. Deviations of less than 1 %
were visible so that we conclude that our results are not significantly influenced by
beam damage within our accuracy. The XRR and GIXD measurements of the final
film structure were performed on a lab based diffractometer with a Cu-Kα rotating
anode source. The angle of incidence was set to 0.17° for the GIXD measurements
and the vertical gap of the detector slits gave an acceptance angle of αf < 1°.
Post-growth studies
The structure as grown for films of thicknesses between 90 and 120 nm has been
investigated with X-ray reflectivity (XRR) and grazing incidence X-ray diffraction
(GIXD) (see Figure 8.9b). All three n-alkanes show similar in-plane unit cell struc-
tures whereas the out of plane lattice spacing differs depending on the length of the
molecules, indicating mainly upright-standing molecules with respect to the sub-
strate surface. According to the literature, [139,236] coexistence of an orthorhombic
(a=4.96 Å, b = 7.42 Å, c = 95.14 Å, α = β = γ = 90°) and a monoclinic unit
cell (a = 5.572 Å, b = 7.420 Å, c = 45.93 Å, α = β = 90°, γ = 113°) has been
observed for C36, while only orthorhombic unit cells have been observed for C40 (a
= 4.966 Å, b = 7.430 Å, c = 93.680 Å, α = β = γ = 90°) and C44 (a = 4.982 Å,
b = 7.427 Å, c = 102.740 Å, α = β = γ = 90°) thus far.
The observed (hk0)-reflections in our GIXD data in Figure 8.9b would not be
consistent with a deviation from the 90°-angles of an orthorhombic unit cell by more
than 3°. The indexing of the Bragg reflections is in agreement with an orthorhombic
Pca21 unit cell (see Table 8.2) as it has been observed before in bulk and on Si(100)
for C36 and shorter molecules. From our data we cannot directly conclude a double
unit cell, but we follow the literature and use the C36 double unit cell, given in
reference [236], which is consistent with our data. The Pca21 unit cell consists of
two subcells related by a twofold rotation around the c-axis. For the same sterical
reasons we also apply a double unit cell for C40 and C44. In the case of C40 and
C44 thin films, the symmetry and c-parameter differ from the Pbca bulk unit cell
that has been found in literature. [139, 236, 237] The c-axis of our proposed Pca21
orthorhombic unit cell equals the height of two monolayers. In this molecular packing
structure the (001) reflection is forbidden and only even-numbered higher order
reflections are visible.
The Bragg reflection at qz = 1.52(4) Å-1 denoted with (110)λ in the XRR graph
also appears at exactly the same position in the in-plane measurement. For C44 and
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Figure 8.9: (a) X-ray reflectivity, (b) grazing incidence X-ray diffraction and
(c) atomic force microscopy scans of C36, C40 and C44 (shown area
10 × 10 µm). The lattice spacings as extracted from the XRR mea-
surements for the monolayer thickness are d = 47.8 Å for C36, d =
52.8 Å for C40 and d = 57.6 Å for C44.
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C40 the (002) reflection and its higher orders are also visible in the GIXD graph.
Both these findings point to the fact that there must be a co-existing 90° tilted
unit cell that we refer to as the lying-down λ-orientation in contrast to the thermo-
dynamically favorable upright-standing σ-orientation. [238] Both in the XRR and
in the GIXD measurements the Bragg reflections of the λ-orientation are consider-
ably stronger for C44 than in the case of C40 and likewise stronger for C40 than for
C36 (see Figure 8.9b). Under the assumption that all three molecules have similar
molecular form factors this suggests that longer molecules form a higher percentage
of λ-orientation. For shorter n-alkanes with chain-lengths between 23 and 27 carbon
atoms, this behavior has been observed before. [237]
Unit cell parameters under the assumption of an orthorhombic cell for the three
investigated n-alkanes as determined from the Bragg reflections in the XRR and
GIXD data:
a b c α β γ
C36H74 4.98 Å 7.44 Å 95.6 Å 90° 90° 90°
C40H82 4.98 Å 7.44 Å 105.6 Å 90° 90° 90°
C44H90 4.98 Å 7.44 Å 115.2 Å 90° 90° 90°
(8.2)
AFM measurements, performed by Christian Frank at the University of Tübingen,
in combination with GIXD scans using various angles of incidence revealed that
the biggest amount of λ-orientation is concentrated in the topmost region of the
film. At lower angles of incidence corresponding to a smaller penetration depth
into the film, the Bragg reflections of the λ-orientation became more dominant
compared to the reflections of the σ-orientation. This indicates that the needle-like
structures that can be seen on top of the film in the AFM scans are indeed crystallites
of λ-orientated molecules. This result is consistent with theoretical findings by
Yamamoto et al. [238] The AFM-height of these crystallites (100 - 400 nm) indicates
that the absolute number of layers with λ-orientated molecules exceeds the number of
layers of the σ-orientation. This explains the strong (110)λ Bragg reflections in XRR
scans as shown in Figure 8.9a. The AFM scans shown in Figure 8.9c confirm the
findings from the X-ray data and show that C44 forms indeed the highest percentage
of λ-orientation while C36 forms the lowest percentage of λ-orientation of the three
compared alkanes.
From X-ray rocking scans at the (110)λ reflection (see Figure 8.10), we can con-
clude that the λ-orientation consists of crystallites with a high mosaicity (FWHM
 1°) as compared to the σ-orientation that exhibits a very low mosaicity in the
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Figure 8.10: (a) Rocking scans of the σ-structure, corresponding to upright-
standing molecules of C36, C40 and C44 on oxidized silicon wafers.
(b) Rocking scans of the λ-structure, corresponding to lying-down
molecules.
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order of the substrate width (FWHM of (002)-reflection < 0.03°).
Real-time studies during growth
It has been proposed that the higher mobility of shorter n-alkanes makes it easier
for them to crystallize into the thermodynamically more favorable σ-orientation.
Time-resolved X-ray measurements during growth allow us to follow the growth dy-
namics and thereby can help to support this conjecture or yield alternative explana-
tions. The suitability of measuring the X-ray reflectivity at the so called Anti-Bragg
point in reciprocal space to study layer-by-layer growth has been demonstrated for
several organic systems. [190,222,239–241]
Figure 8.11: (a) Evolution of the specular reflectivity as a function of time and qz
during growth of C36, C40 and C44 on oxidized silicon wafers. (b) Cuts
through the above 3D graph at fixed qz = 1/2 qBragg, 2/3 qBragg, 3/4
qBragg, 4/5 qBragg, and qBragg result in experimental growth oscillation
shown in black. Red lines show a simultaneous fit at five distinct
values of qz, using the Trofimov model.
Layer interference leads to temporal oscillations of the reflected intensity during
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layer-by-layer growth. [241, 242] This can be seen directly from the equation for
the reflected intensity Ireflected(t), as calculated in kinematic approximation (see also
Figure 8.12):
Ireflected(t) =






Asubstrate(qz) : substrate scattering amplitude
f(qz) : molecular form factor
φ(qz) : phase between substrate and ad-layer scattering
n : layer number
θn : fractional coverage of the n’th layer
qz : X-ray wavevector transfer upon reflection
d : lattice spacing in z-direction.
Figure 8.12: Oscillations in the real-time XRR can occur during layer-by-layer
growth due to interference of reflected X-rays.
Figure 8.11 shows the temporal evolution of the X-ray reflectivity of C36, C40 and
C44. In the following, qBragg denotes the monolayer-Bragg point at qz=0.111 Å-1 for
C36, qz = 0.121 Å-1 for C40 and qz=0.134 Å-1 for C44. The monolayer-Anti-Bragg
point equals the (001)-Bragg-point of the proposed Pca21 unit cell whose long c-
axis equals the height of two monolayers. Since the (001) reflection is forbidden,
no additional scattering intensity from the (001) reflection is observed during the
measurement of the Anti-Bragg oscillations. From the damping of the intensity os-
cillations at the (monolayer-)Anti-Bragg point (1/2 qBragg) after 4 monolayers (ML)
one can conclude the occurrence of a transition from layer-by-layer growth to island
growth accompanied by roughening, which is typical for Stranski-Krastanov growth
of organic molecules. As the growth proceeds, Laue oscillations develop in the re-
gion between the Anti-Bragg and Bragg point, indicating a good degree of coherent
ordering across the full film thickness. When the temporal intensity oscillations of
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all three molecules are compared, a chain-length dependence for the growth behav-
ior can be found. In particular the growth oscillations of the longest molecule C44
are damped more than the oscillations of C36 and C40, e.g. in the case of C40 four
oscillations are visible at 2/3 qBragg while there are only two or three oscillations
for C44. This suggests that films consisting of the longest molecule C44 exhibit the
fastest roughening.
The quantitative evaluation of real-time X-ray data requires the use of a model
describing the growth process to determine the temporal evolution of the layer cov-
erage θn(t). Numerous models have been developed over the last several decades to
describe the growth of thin films. [227,243] In contrast to some of the simpler layer-
coverage-based models, the growth model developed by Trofimov et al. [244–247]
allows us, within the assumptions of the model, to extract real, physical parame-
ters such as the ratio of molecular diffusivity to the incident flux of molecules and
facilitates comparison of experimental data with theoretical predictions. The main
assumptions of the Trofimov model are as follows. Complete condensation of evap-
orated molecules on the surface is assumed (no re-evaporation from the surface).
Islands consisting of two or more molecules are assumed to be stable and immobile
(only single molecules can diffuse). Furthermore uphill-transport, long-range inter-
actions, and multilayer diffusion, e.g., molecules diffusing directly from the 3rd into
the 1st layer, are excluded. In this way the amount of parameters needed to describe
the growth and nucleation process can be reduced significantly. In this work, we
apply the Trofimov model to fit the X-ray reflectivity simultaneously at 5 distinct
points of reciprocal space, namely at 1/2 qBragg, 2/3 qBragg, 3/4 qBragg, 4/5 qBragg
and qBragg (see Figure 8.11b).
As we are concerned only with out-of-plane structure, we use a simplified version
of the original Trofimov model, describing the growth process only via the growth
rate Rn and the effective critical layer coverage of each layer as shown in eq.8.3-8.5.
This version of the Trofimov model has already been successfully applied to the
growth of pentacene and diindenoperylene. The critical layer coverage of the n’th
layer θ(n,cr) gives the coverage θn of a layer before the n+1’th layer starts to nucleate
and grow on top of the n’th layer. [248] The feeding zone parameter ξn marks the
size (in units of normalized coverage) of the zone on top of the n’th layer where
molecules will contribute to nucleation and growth of the n+1’th layer as opposed
to the region outside the feeding zone where molecules will diffuse over the edge into
the n’th layer (see Figure 8.7c).
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Figure 8.13: (a) Layer coverage and (b) downhill-transport rates for C36, C40 and
C44 (from left to right). The insets in (b) show the integral downhill-
transport for each layer, in other words the total amount of molecules




R1(1− θ1) +Rn>1(θ1 − ξ1), n = 1Rn>1(ξn−1 − ξn), n > 1, (8.3)
with the size of the feeding zone given by
ξn =








The critical layer coverage parameters in eq.8.4 are calculated via
θn,cr = θ2,cre(−n−2)/Nc for n > 2. (8.5)
The fit of only the Anti-Bragg oscillations is in some cases overdetermined by
the seven fit parameters, that is, the fit parameters could be ambiguous. Fitting
simultaneously at five distinct points in reciprocal space simultaneously restricts the
range of the fit parameters and therefore gives a better estimate. Besides, additional
information is contained within the oscillations closer to the Bragg reflection. At 1/2
qBragg the oscillations are completely damped after about 4 monolayers (ML) and no
information about the growth dynamics beyond that point can be extracted. But
at qz-values closer to the Bragg reflection like 4/5 qBragg the XRR intensity keeps on
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oscillating, yielding information about the critical layer coverage and growth rate
up to thicknesses of 10-20 ML.
Two slightly different sticking coefficients for the first monolayer adsorbed di-
rectly on the substrate and all subsequent layers have been introduced to take
different substrate-molecule and molecule-molecule interaction mechanisms into ac-
count, [249] while for C40, a slightly accelerated growth rate for higher layers has
been put into the model to deal with the changing growth oscillation periodicity
towards the end of the growth. The layer thickness parameter d has been kept con-
stant, that is, the molecular tilt angle is assumed not to change. The fitted layer
coverage can be seen in Figure 8.13a, also indicating a stronger layer-by-layer growth
behavior in the early stages of the growth. In the later stages of the growth many
layers get filled at the same time, indicating island growth and roughening.
For a quantitative comparison of the growth behavior of the three molecules, we
compare physical parameters derived from the fitted layer coverage, such as the
amount of molecules diffusing from one layer into lower layers during growth. The
downhill-transport rate νn(t) = [θn(t)− ξn(t)] ·Rn, shown in Figure 8.13b, describes
the amount (in ML) of molecules diffusing from the n+1’th into the n’th layer per
time interval. The total amount of molecules diffusing from the n+1’th into the
n’th layer is shown in the insets in Figure 8.13b. In the case of C36 and C40, a
rather small critical layer coverage (< 20 %) of the first monolayer yields a compar-
atively small downhill-transport from the second into the first layer. For C44 the first
two layers grow in a smoother way, indicated by a larger downhill-transport from
the second to the first layer. After growth of about 5 ML, the integral downhill-
transport of the longer molecules drops below the integral downhill-transport of the
shorter molecules. This chain-length dependence becomes even more significant as
the growth proceeds. For thicknesses above 10 ML, the integral downhill-transport
of C36 exceeds the integral downhill-transport of C44 by about 60 % (see Figure
8.13b). This indicates that the length of a molecule is crucial for its interlayer-
transport properties, particularly within the roughening regime.
The small critical layer coverage parameters (< 0.3) that have been derived for
all three molecules indicate a substantial Ehrlich-Schwoebel barrier, limiting the
downhill-transport probability. [219] The probability of molecules diffusing from the
n+1’th layer into the n’th layer is in this case related to the Ehrlich-Schwoebel
barrier EES as follows
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Figure 8.14: (a) Evolution of the interface roughness during growth of C36, C40
and C44 and b) sketch of the transition of the growth mode and the
formation of λ-orientation within the topmost region of the film.
pn =
νn(t)
Rn · [θn(t)− θn+1(t)] ∝ An(t) · e
−EES/kT (8.6)
with An being a factor depending on the island perimeters and the diffusivity of
the molecules. [220,250,251] Averaging the time-dependent probability of eq.8.6 by
integrating from the beginning of the growth of the n’th layer t(θn = 0) to the filling
of the n+1’th layer t(θn+1 = 1) and dividing by the time interval makes it possible
to simplify the above relation to
pn ∝ An · eEES/kT , (8.7)
where pn denots the mean downhill-transport probability. According to this, and
for film thicknesses above 5 ML, the mean probability of downhill-transport is about
34% for C36, 31% for C40 and only 28% for the longest molecule, C44.
While the absolute value for EES is not easy to establish reliably, we can esti-
mate the differences of EES between the different chains, namely C36, C40 and C44,
assuming that they can all be similarly well described by our model. Further we
assume that the island perimeters and intra-layer diffusion barriers, and thus the
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prefactors An are similar for all three molecules. According to this estimate and
for film thicknesses > 5 ML, C40 molecules hopping from one layer into the next
lower have to overcome an Ehrlich-Schwoebel barrier that exceeds the corresponding
Ehrlich-Schwoebel barrier of C36 by about ∆EES = EES(C40)−EES(C36) = 2 meV,
while C44 molecules have to overcome a barrier that exceeds the barrier of C36 by
approximately ∆EES = EES(C44) − EES(C36) = 5 meV. In other words, in this
regime the increase of the Ehrlich-Schwoebel barrier per additional carbon atom is
of the order of 0.5 meV under the above approximations.
The chain-length dependent downhill-transport and the chain-length dependent
percentage of λ-orientation in the topmost region of the film suggest that there
might also be a chain-length dependence of the film roughness. The root-mean-
square roughness of the film can be calculated directly from the layer coverage as






d · n− d(t)
]2
(8.8)
with θn(t) being the fractional coverage of the n’th layer, d the lattice spacing and
d(t) being the nominal film thickness. [231] In Figure 8.14a, the roughness evolution
during thin film growth is shown for all three molecules. C44 exhibits the smoothest
layer-by-layer growth during the first two monolayers, indicated by oscillations of
the roughness evolution. After evaporation of about 4 ML there is a strong increase
of roughness. Despite the smooth growth in the beginning, C44 exhibits by far the
fastest roughening after 4 ML, and C40 roughens faster than C36, but the differences
between the latter two are within our error bars. Therefore we conclude that the
observed chain-length dependent roughening is a consequence of the chain-length
dependent interlayer-transport properties and Ehrlich-Schwoebel barriers. This be-
havior is different from the corresponding chain-length dependent behavior in the
case of small molecules where shorter chains form more disordered structures. In the
past, simulations have shown that, indeed, a greater downhill-transport is expected
to support layer-by-layer growth while a smaller downhill-transport of molecules
probably leads to faster roughening. [239] Nevertheless, in order to get a thorough
understanding of the molecular kinetics governing the growth process, additional
real-time studies are required, e.g. measurements of the in-plane island perimeters,
performed at different temperatures, to determine reliable absolute values of EES.
Conclusion
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A comparative real-time and in situ growth study of the three n-alkanes C36,
C40 and C44 on SiO2 has been performed using energy dispersive real-time X-ray
reflectivity. It has been shown that structural properties of organic thin films con-
sisting of chain-like molecules can be tuned significantly by varying the number of
chain segments. While all three molecules align mostly in upright-standing geome-
try, longer molecules form more crystallites of lying-down molecules in the topmost
region of the film. Furthermore, films made of longer molecules exhibit faster rough-
ening than films consisting of shorter molecules. This can be explained by the chain
length dependence of the downhill-transport rates during the growth. The amount
of molecules diffusing from one layer into the next lower layer decreases with increas-
ing chain-length of the molecules. Assuming that the thermal activation over the
Ehrlich-Schwoebel barrier limits the downhill-transport probability during the later
stages of the growth, [219, 250] we conclude from the derived downhill-transport
rates that there must also be a chain-length dependence of the Ehrlich-Schwoebel
barrier, with longer molecules having a higher energy barrier to overcome when dif-
fusing from one layer into the next lower layer. This would be in agreement with
simulations for several organic molecules performed by Goose et al. [221] Our re-
sults show that it is preferable to use shorter molecules for any application where a
smooth interlayer is required and coexistence of two different molecular orientations
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